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Abstract
Binding of Maize Necrotic Streak Virus (MNeSV) 3’ I-Shaped Structure (3’ ISS) to
eukaryotic translation factors (eIFs) and implication in eIF4F mediated translation
initiation
by
Qiao Liu
Advisor: Professor Dixie J. Goss
5' m7GpppN cap and the 3' poly adenosine (A) tail of eukaryotic mRNAs are key elements for
recruiting translation initiation machinery in canonical translation initiation. Unlike host
mRNAs, many viruses lack these elements and yet they are translated efficiently. Plant viruses,
in particular, have complex structures within their untranslated regions (UTR) that allow them to
bypass some cellular translation control steps. In Maize necrotic streak virus (MNeSV) 3' UTR,
an I-Shaped RNA Structure (ISS) has been reported to mediate the virus translation initiation
progress. 3’ ISS binding with eIF4F has been shown to facilitate translation. 5’ -3’ kissing loop
interaction was required for optimal translation. However, details of ISS mediation on translation
initiation are still not well understood. In our study, fluorescence anisotropy techniques were
applied to study the binding of 3' ISS with eIFs. eIF4A-eIF4B complex was found to increase
binding affinity of eIF4F with 3'ISS by four fold (from KD=~173±34 nM to KD=~48±11 nM).
Pre-steady state analysis demonstrated that eIF4A-eIF4B complex increased association rate and
decreased dissociation rate. The enhanced binding affinity was not caused by helicase activity of
eIF4A-eIF4B complex. Besides, our study also suggested that eIF4F could promote binding of 3’
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ISS with 5’ UTR, which resembles the long distance kissing loop interaction. Presence of 5’
UTR would not affect 3’ ISS-eIF4F complex’s moderate binding with 40S ribosomal subunit.
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CHAPTER 1. INTRODUCTION
1.1 Overview of translation
Translation is the protein synthesis process that occurs after mRNAs are transcribed from
DNAs and is followed by protein folding in all cells. Both ribosome and protein machinery are
the essential components in translation. In eukaryotic cells, mature mRNAs are formed in the
nucleus and translation happens in the cytoplasm. However, in prokaryotic cells, transcription
and translation are synchronous processes and both occur in the cytoplasm. Thus, the molecular
mechanism and protein apparatus in eukaryotic cells are much more complicated than in
prokaryotic cells. Both eukaryotic and prokaryotic cells translation processes are divided into
three core steps: initiation, elongation and termination(1).
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Figure 1 The eukaryotic translation mechanism (Source: Lee D. Kapp and Jon R. Lorsch, 2004) (2). The three
phases are initiation, elongation and termination. Recruitment of ribosomal subunits and initiator tRNA to mRNA,
formation of initiation complex and locating of AUG start codon.

Translation initiation consists of the recruitment of the ribosomal subunits and the
initiator tRNA to the mRNA, the formation of the initiation complex, and the locating of the
AUG start codon (Figure 1) (2). In plant and mammalian cells, translation initiates from
formation of eIF2-GTP-Met-tRNA ternary complex and is assisted by eIF1, eIF1A and eIF3.
This ternary complex then associates with the 40S small ribosomal subunits to form 43S preinitiation complex. Loading of this complex on mRNA requires other eukaryotic translation
initiation factors (eIFs). eIF4F can bind with eIF3 and then recruits 43S pre-initiation complex to
mRNA (3). In plant, eIF4F-eIF4A-eIF4B complex unwinds the mRNA 5’ untranslated regions
(5’UTR) with the hydrolysis of ATP. The 43S complex starts to scan in the 5’ to 3’ direction and
stops when it encounters the AUG start codon. eIF5 facilitates the hydrolysis of GTP on eIF2
and the release of eIF2-GDP (4). Finally, 40S-Met-tRNA-mRNA complex combines with 60S
ribosomal subunit. This step empolys the help of eIF5B. At this moment, Met-tRNA is bound at
the 40S ribosomal subunit P site.
Translation initiation mechanisms have been well studied in the last decade. This
brought up more intriguing questions. One of them is to understand how viruses compete for
and then sequester the eukaryotic hosts’ translation machinery. This issue has drawn more
attention in the lab. Characterizing viral translation ininitation mechanisms could help us
identify efficient drugs to inhibit virus translation, prevent virus infection and rescue virus
related diseases. Nichols LA has reported that 9-aminoacridine (9AA) derivative quinacrine
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(QC) could inhibit expression of viral capsid proteins, replication of viral RNAs, and production
of virus by binding with hepatitis C Virus (HCV) Internal ribosome entry sites (IRES), which is
an essential element for translation initiation(5). Plant virus transaction has caused huge
economical loss. To understand virus translation initiation, the rate-determining step in
translation, may shed light on how to limit plant virus translation in host and inhibit the infection.

1.2 Eukaryotic cap dependent translation initiation
Our research focuses on how plant virus sequester plant cell translation machinery to
initiate viral proteins translation. Understanding plant cell translation mechanism is also
important. A comparison of cap independent translation initiation and cap dependent translation
initiation, which is utilized by most plant cells, would demonstrate the harmful effect of plant
virus translation on host cell and help to identify key components for plant virus translation
initiation.
In eukaryotic cells, canonical translation initiation utilizes the cap dependent translation
initiation mechanism (Figure 2). Two key elements in mRNA are necessary for this process: a
5’ m7GpppN cap and 3’ poly A tail. Their functions are to recruit 40S ribosomal subunits and
protein machinery. They are also important for the circularization of mRNA with the aid of
translation initiation machinery, through binding with eukaryotic translation factors. Previous
study had shown that translation initiation factors, including eIF4G, eIF4E, eIF4A, eIF4B and
PABP, were involved in both cap independent translation initiation and cap dependent
translation initiation (6). It is also worth mentioning that plant eIF4F only includes two subunits,
eIF4G and eIF4E.
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Figure 2. Detailed eukaryotic translation initiation mechanism. (Source: Richard J. Jackson et. al, Nat Rev Mol Cell
Biol, 2010) (1) 1) 40S ribosome is recycled from post-termination complex. eIF1, eIF3 and eIF1A are associated
with 40S ribosomal subunit. 2) eIF2-GTP-Met-tRNA ternary complex is formed. 3) Binding of ternary complex
with 40S ribosomal subunit and formation of 43S preinitiation complex. 4) mRNA is activated with binding of
eIF4F, eIF4A, eIF4B and PABP protein complex. 5) Attachment of pre-initiation complex to activated mRNA. 6)
Unwinding of stable RNA secondary structure and scanning of pre-initiation complex on the 5’ UTR. 7) After
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reorganization of AUG start codon, eIF2-GTP is hydrolyzed to eIF2-GDP and partially released. 8-9) Dissociation
of initiation factors and joining of 60S ribosomal subunit to 40S ribosomal subunit.

Figure 3 Protein binding domains organization (Source: Shijun Cheng et. al, Translation, 2013) (7). Human (Hs)
eIF4G protein binding sites arrangements are in the top of the graph. Wheat germ (Ta) eIF4G and eIFiso4G domains
organization is shown in the middle and bottom. Proteins that can associate with that domain are shown in the gray
box.

eIF4G, the larger subunit of eIF4F, is a scaffold protein which has multiple translation
related protein binding sites, including eIF4E, eIF4A, eIF4B, eIF3 and the poly (A) binding
protein (PAPB). Full length eIF4G’s size is 165kD and consists of 1489 amino acids. eIF4G
domain organization is shown in Figure 3 (7,8). The eIF4G N terminal 1-203 is a eIF4B and
PABP binding domain. eIF4B and PABP were found to competitively interact with this domain.
An eleven amino-acid (710-721)-long domain located in the center of eIF4G is a eIF4E binding
domain. The first eIF4A binding site is between 883 and 1196 and overlaps with a HEAT
domain, which is a protein domain with two alpha helices linked by a short loop. This domain
also contains a RNA binding site. On the C-side of eIF4A binding domain, eIF4B and PABP can
also compete to associate with this RNA binding site. This is the second eIF4B/PABP binding
domain. A conserved domain between 1132 and 1205 was shown to bind with eIF3, which is
5

another big scaffold initiation factor (9). 1300-1489 is the second eIF4A binding domain that
also overlaps a HEAT domain. However, this HEAT-2 domain shows no binding with any RNA
sequence. In addition to the HEAT-1 domain with RNA binding affinity, wheat eIF4G also
consists of multiple other RNA binding domains.
eIF4E, the smaller subunit of eIF4F, is a cap binding protein. It can bind with 5’m7GpppN cap in eukaryotic mRNA. In the cap binding pocket, eIF4E was reported to have two
tryptophan residues forming a stacking interaction with the 5’- m7GpppN cap. The X-ray
crystallography analysis showed that it consists of three alpha-helices, eight beta-strands, and
three extended loops (10).
eIF4A is one of the most abundant proteins in cells. Thus eIF4A’s function was believed
to not only include translation initiation (11,12), but also includes RNA degradation, RNA
splicing, and ribosome biogenesis (13). It is a very stable protein with a size of 45kD. It was
shown that eIF4A had helicase activity with the aid of ATP hydrolysis and eIF4B (12,14).
eIF4A can unwind secondary structure in mRNA 5’ UTR to help with 40S ribosomal subunit
loading (12). DEAD box family protein conserved regions were also discovered in eIF4A (15).
eIF4B, a 59kD stable protein, can facilitate the helicase activity of eIF4A with ATP
(16,17). This protein can also interact with eIF4G and eIF3, which in turn, help with association
of 43S preinitiation ribosome complex to activated mRNA (18,19). An PABP/eIF4A binding
site was identified in eIF4B protein’s C terminal, while multiple RNA binding domains also exist
in it (20). Poly A tail binding protein (PABP) participates in the circularization of mRNA
through poly A tail-PABP-eIF4F-5’ m7GpppN cap interaction (21).
In the canonical model, 5’ m7GpppN cap–eIF4E–eIF4G–eIF3–40S interactions are key to
recruit 40S ribosomal subunit to mRNA. The binding of mRNA to these translation initiation
6

factors is the mRNA activation step. After 43S preinitiation complex attaches to activated
mRNA, it will scan the 5’ UTR of the mRNA until it reaches the AUG start codon. The
scanning is believed to include two different but related processes. The first step is the
unwinding of the stable RNA secondary structure on the 5’ UTR. eIF4A has helicase activity and
can catalyze the unwinding of RNA secondary structure in presence of ATP (22). eIF4B, eIF4H
and eIF4G can also facilitate unwinding (23). The scanning process could be inhibited without
unwinding of RNA secondary structure in 5’ untranslated region (5’ UTR)(24). More stable
secondary structures have stronger demand on helicase activity of eIF4A (25). The second
essential process is the 43S preinitiation complex scanning on 5’ UTR. The 43S preinitiation
complex without eIF4A, eIF4B and eIF4G has been reported to move along unstructured 5’ UTR
(26).
Ribosome is a complex particle discovered in cells cytoplasm. It is a molecular machine
that participates in protein synthesis. In eukaryotic cells, 80S ribosome’s molecular weight is at
least 33MD and is composed of two subunits: a large 60S ribosomal subunit and a small 40S
ribosomal subunit. The small ribosomal subunit size consists of a 18S rRNA, which has ∼1750
nucleotides, and 33 ribosomal proteins (Figure 4 B and C) (27). 18rRNA is grouped to several
expansion segments based its structure (Figure 4 A). Due to the highly dynamic property,
ribosome rRNA and ribosomal proteins location were mostly placed with Cryo-EM (28,29).
tRNA binding site on ribosome is conserved in eukaryotic cells and archaeal kingdom. Ribosome
A site mostly was occupied by the next cognate aminoacyl-tRNA that is to be added to the
nascent polypeptide chain. P site was associated to the growing peptidyl-tRNA. E site usually
combines with the deacyled tRNA that will then exit the rmibosome (Figure 4 D).
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Figure 4. Crystallography resolved Tetrahymena thermophila 40S ribosomal subunit structure. (Source: Julius Rabl
et. al, Science, 2011 and Melanie Weisser et. al, Nature Structural & Molecular Biology, 2013) (30,31) A) Front and
back view of 18rRNA. H, head; Be, beak; N, neck; P, platform; Sh, shoulder; Bo, body; RF, right foot; LF, left foot.
Each domain color is the same with the same domain in B. B) Secondary structure of the 18rRNA. C) Front and
back view of ribosomal proteins. D) Struture of eIF1 and eIF1A bound to 40S ribosomal subunits. The binding sites
are close A-site, P-site and E-site.
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1.3 Cap independent translation initiation mechanism
95-97% of eukaryotic cells utilize the cap dependent translation initiation mechanism
even though alternative mechanisms exist under some cellular conditions like hypoxia (32).
However, many viral genome RNAs lack 5’ cap in plant virus kingdom. To compete with host
cells for translation machinery, viruses have evolved to utilize a cap independent translation
initiation mechanism (6,33). Cap independent translation initiation mechanism is the key step for
virus translation, thus inhibit this can lead to restriction of viral infection. Besides, it was known
that switch from cap-dependent to cap-independent mRNA translation facilitated tumor
angiogenesis and hypoxia responses (32). So investigation on cap independent translation
initiation mechanism can also help with characterization of eukaryotic translation progress.
Plant viruses not only lack of the 5’ m7GpppN cap but also lack the 3’ poly A tail. One of
widely used strategies of plant viruses, including tombusvirus, luteovirus and umbravirus (Figure
6), in preempting the host translation machinery is to use a stable RNA secondary structure 3’
cap independent translation elements (3’ CITE) on 3’ UTR (33-35). These 3’ CITE can facilitate
virus recruitment of initiation factors, 40S ribosomal subunits and eventually the efficient bypass
of eukaryotic translation regulation. These elements can regulate and control both translation and
replication processes (34,36). The 3’ CITE has been shown to bind with translation initiation
factors, especially eIF4F, or 40S ribosomal subunit (33). Another feature worth noting is that
most viruses containing 3’ CITE have ~6nts complementary to another 6nts in their 5’ UTR
(37,38). They can form 5’-3’ long distance base-pairing interaction. The sequence on 5’ UTR
can be over several kilobases away from the base paring sequence on 3’ UTR. Previous
observations (37) suggested that these interactions were required for optimal viruses’ genome
RNAs translation efficiency. This might be due to the circularization of genome RNAs with the
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aid of these interactions (Figure 7) (37). Currently, these 3’ CITEs had been grouped into, but
not limited to, six different categories (39). The categorization methods are based on 3’ CITE
RNA secondary structures and conserved sequences.

Figure 5. Comparison of canonical eukaryotic mRNA and Plant virus genome RNA. Two key elements, 5’
m7GpppN cap and 3’ poly A tail, in canonical eukaryotic mRNA are labeled with red box. These two elements are
required to recruit multi translation initiation factors complex. Many plant viral genome RNAs lack 5’ m7GpppN
cap and 3’ poly A tail are demonstrated. Stable RNA secondary structure 3’ CITE is labeled with red box. Plant
virus mRNAs with 5’ CITE and 3’ poly A tail are not shown here for clarity.
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Figure 6. Phylogenetic tree of tombusviridae, luteoviridae and umbraviridae. (Source: Anne E. Simon1 et. al, Annu
Rev Microbiol, 2013) (6). Their 3’ CITEs had been grouped into six different categories, which are labeled with six
different colors.
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Figure 7. Long-distance base paring interactions. (Source: Liang Guo, Molecular Cell, 2001) (37) Long-distance
base paring interactions between 5’ UTR and 3’ CITE in Barley yellow dwarf virus (BYDV), Soybean dwarf virus
(SDV), and Tobacco necrosis virus (TNV). The sequences that are complementary with each other are indicated
with dashed line.

These six different classes of 3’ CITE, including Translation enhancer domain (TED),
Panicum mosaic virus (PMV)-like translational enhancer (PTE), tRNA-shaped structure (TSS),
Barley yellow dwarf virus (BYDV)-like element (BTE), I shaped structure (ISS) and Y shaped

12

structure (YSS) share some common features in their function. One common feature is that they
bind with one or two translation initiation factors, 40S ribosomal subunit or 60S ribosomal
subunit to recruit and sequester host’s translation machinery. TED(40) was reported to bind
eIF4F with a high binding affinity (41). PTE was discovered to bind with eIF4E on eIF4E’s cap
binding pocket (42,43). TSS was found to bind with 60S ribosomal subunit (44) or both 40S
ribosomal subunit and 60S ribosomal subunit (43). BTE, one of the most well-studied viruses in
the 3’ CITE category (37,45), could bind with eIF4G with high binding affinity (46), while 40S
ribosomal subunits interaction with BTE showed a moderate binding affinity (47,48). ISS was
reported to bind with eIF4F, but not eIF4E or eIF4G alone (49,50).
Secondly, in many plant viruses, 6-7 nucleotides, located on a single stranded region on
3’ UTR, were found to be complementary with 6-7 nucleotides located on 5’ UTR single
stranded region (51). The long distance base pairing interactions, found between 5’ UTR and 3’
UTR, were believed to assist with the circularization of viral genome RNA. However,
understanding of the detailed mechanism of each 3’ CITE still requires more studies.
MNeSV’s 3’ UTR has an extended stem-loop RNA secondary structure, which belongs
to the simplest and shortest I shaped structure (ISS) (49) (Figure 8b). ISS, including those
appear in carmovirus melon necrotic spot virus (MNSV) and aureusviruses, has conserved
sequences in the central part of the bulged stem loop. Similar with other 3’ CITE, 3’ ISS can
bind with translation initiation factors. Both the secondary structure and primary sequence are
key for its binding affinity with eIF4F. The loop on the top of ISS secondary structure can also
form long distance interaction with the 5’ UTR, like in other plant virus system (Figure 8).
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Figure 8. a) Predicted structure of MNeSV 5’ UTR sequence with Mfold. (Source: K. Scheets et. al, Virology, 2006)
(50). It includes three regions, T shaped domain (TSD), stem loop 5 (SL5) and downstream domain (DSD). Long
distance base pairing interaction participation sequence is labeled with black cycle. b) Predicted structure of MNeSV
3’ UTR sequence with Mfold. First 111nt is 3’ISS in MNeSV. Conserved sequence is highlighted. Last 86nt labeled
in box has high identity with other tombusviruses’ 3’ end. Long distance base pairing interaction participation
sequence is labeled with black cycle.
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1.4 Pathology
Maize Necrotic Streak Virus (MNeSV) is a plus-strand RNA virus that has a 4.3 kb
single stranded viral RNA genome. Genome sequence analysis showed that MNeSV belongs to
Tombusviridae family (52). It is the first monocot-infecting virus and is the smallest in this
family. Compared to other viruses in Tombusviridae family, overall sequence identity was
reported to be 25-53%. The whole RNA genome can encode viral proteins from 5 open reading
frame (ORF) (50)(Figure 9). 4 out of 5 viral proteins have similar identity with other
tombusvirus genome. The last one is different with all tombusvirus proteins but similar with
necrovirus coat protein. Besides, virus particle’s diameter is 32nm, which is close to
tombusvirus’s size (53). Thus, it was believed that MNeSV belongs to tombusvirus.
However, there are still many dissimilarities between MNeSV and tombusvirus. One
difference is that the genome length. MNeSV genome length is different with other tombusvirus
genome size but almost equal to that aureusviruses. MNeSV can only infect maize with vascular
puncture inoculation (VPI) but not leaf-rub inoculation method like other tombusvirus. So
MNeSV was only tentatively be categorized as Tombusvirus. Established phylogenetic trees
based on virus whole genome information also showed MNeSV was most similar to Cucumber
necrosis virus (CNV).
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Figure 9. MNeSV whole genome (Source: K. Scheets et. al, Virology, 2006) (50). MNeSV harbors five ORF and
translate five proteins, p30, p89, CP (27.4), p19 and p21. Two subgenomes are indicated below the genome as sg1
and sg2. Long distance base pairing interactions between 3’CITE and TSD in 5’ UTR, upstream sg1 or upstream sg2
are also labeled with double head arrows below genome.

MNeSV 5’ UTR’s length is 122 nt (Figure 8a). It is similar with Cucumber Bulgarian
Latent Virus (CBLV) in size and also 73% identical with CBLV 5’ UTR sequence (49). It was
predicted to have two structured domains on two sides and one stem loop in the center. MNeSV
3’ UTR’s first 111nt in its 5’ end has ISS conserved sequences and can form an I shaped
secondary structure (Figure 8b). The long distance base pairing interaction participation
sequence is also located on this ISS region. The last 86nt in its 3’ end are 65–77% identical with
other tombusviruses genome 3’ end sequences (50).
MNeSV infection will cause maize leaves to display pale green or yellow spots and
streaks around 7 days after vascular puncture inoculation (VPI). After 15 days, maize leaves will
become chlorotic and striated, and edges will be necrotic in the end. In Maize, MNeSV particles
can be found in cytoplasm, crystalline arrays and intercellular spaces, but not in organelles (52).
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Amorphous and dark staining material appeared in the cytoplasm and these were believed to be
MNeSV’s excess coat proteins. Besides, vesicular structures were also seen in infected cells.
This virus disease can spread widely and had caused huge economic loss. More details about its
infection are required to be discovered and we believed that inhibition of translation initiation is
the key step to control this virus pathogen.

1.5 ISS mediated cap independent translation initiation mechanism in MNeSV
As described above, many plus strand RNA plant virus lack a 5’ m7GpppN cap and 3’
poly A tail, such as Tombusviridae family and the Luteovirus and Umbravirus genera (6). These
viruses usually have 3’ CITE, which can replace two terminal elements functions. They can
recruit translation initiation machinery and process cap independent translation initiation
mechanism efficiently.
Mfold prediction has shown that the MNeSV 3’ISS’s lowest energy conformation is an
extended stem loop that has one central loop and one terminal loop on the top (Figure 10 Box [1]
and Figure 11) (33). Both loop sequences are conserved in the ISS class (Figure 10 Box [8]).
The terminal loop on the top possesses the 6nts sequence, UGGUCA, that can form base pair
interaction with the 5’ UTR. Single-strand-specific modified solution structure probing of 3’ ISS
also indicated that both central loop and terminal loop are highly accessible by single-strandspecific modifying agents, including RNase T1 (T1) plus or minus Mg2+ or the chemicals Nmethylisatoic anhydride (NMIA), kethoxal, 1-cyclohexyl-(2-morpholinoethyl) carbodiimide
metho-p-toluene sulfate (CMCT), or dimethyl sulfate (DMS) (Figure 11A). This observation
was consistent with the Mfold predicted structure (Figure 11B).
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Figure 10. 3’ ISS predicted structures of different viruses (Source: Beth L. Nicholson et. al, Journal of Virology,
2013) (54). MNeSV has two predicted structures and labeled in the left box [1] and [2]. [3] is a mutated MNeSV
ISS with two adenosine replacing guanosine. Four other viruses 3’ ISS are included in the right box [4], [5], [6] and
[7]. Adenosine located in the four based pairs between two internal loops are labeled with *. [8] is the conserved
sequences across different viruses and this part is also included in gray box.
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Figure 11. Comparison of solution structure probing and Mfold predicted structure (Source: Beth L. Nicholson et. al,
RNA, 2010) (49). A) Primer extension results in presence of different single strand specific modifying agents,
including RNase T1 (T1) plus or minus Mg2+ or the chemicals N-methylisatoic anhydride (NMIA), kethoxal, 1cyclohexyl-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfate (CMCT), or dimethyl sulfate (DMS). B) Map
of solution structure probing on Mfold predicted structure.

However, one guanosine, G47 and two uridine, U17 and U50, located on the top of the
central loop had also shown modification in presence of those single-strand-specific modifying
agents. This brought a question to the predicted structure by Mfold. Intriguingly, an alternative
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conformation was also hypothesized in a previous study (54) (Figure 10 Box [2]). This
alternative conformation’s predicted free energy was higher. In the alternative conformation,
four base pairing interactions are found between conserved central loop and the extra small loop.
One of the base pairs is G15-U50. However, other 3’ ISS in Maize White Line Mosaic Virus
(MWLMV) and Johnsongrass Chlorotic Stripe Mosaic Virus (JCSMV), the Tombusvirus
Cucumber Bulgarian Virus (CBLV), and the Carmovirus Melon Necrotic Spot Virus (MNSV)
have a more stable A-U base pair in the same position (Figure 10 Box [4]-[7]) (54).

Figure 12. Defining a minimal functional ISS in trans (Source: Beth L. Nicholson et. al, RNA, 2010) (49). Five
different deletion mutants, including TA-M-S4, TA-M-S3, TA-M-S2, TA-M-S1, TA-M-L are also indicated in the
graph.

The first identified fully in trans functional ISS is shown in Figure 8b. To determine the
shortest functional ISS, four deletion mutants were generated as shown in Figure 12. In vitro
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analysis suggested that the top 64nt long TA-M-S2 is the minimum functional ISS which was
then used for all other studies. A mutagenesis study also demonstrated that both the secondary
structure and primary sequence were important for the efficient translation in wheat germ extract.
Maintaining the base pair interactions in the stems above and below this central loop was
necessary for translation (49). Besides, long distance base paring interactions were also seen
between ISS and sequences, which are located in several bases upstream of start codon in
sgRNA1 and sgRNA2 (Figure 9) (50).
Previous work had investigated the binding affinity of 3’ ISS with eIF4F by filter-binding
assays (49). Binding of ISS with eIF4F was tighter than that with eIF4E alone or eIF4G alone. In
eIF4F depleted wheat germ extract, 3’ ISS containing genome was reported to have low in vitro
translation efficiency (49). Adding back eIF4F to eIF4F depleted wheat germ extract can restore
translation efficiency, while adding eIF4G subunit or eIF4E subunit was not functional. This
feature is different from other reported categories of 3’ CITE. Other initiation factors effects on
eIFs binding and recruitment require further investigation.
Streptotagged WT CIRV 5’ UTR, which harbors a complementary sequence to 3’ ISS to
resemble 5’-3’ long distance base pairing interaction, was found to bind with 3’ ISS and eIF4F
and form a tripartite protein complex (49). This supported that idea that 3’ ISS was necessary to
recruit eIF4F to the 5’ UTR. However, the stability and binding affinity of this tripartite
complex were not determined. eIF4F effect on 5’-3’ long distance base pairing interaction
remains to be clarified. Toe-printing analysis was conducted to confirm 5’-3’ long distance base
pairing interaction could facilitate ribosome loading on the start codon. Failure of ribosome
loading by uncapped 5’ UTR alone without 3’ ISS suggested that the 5’ UTR was not sufficient
to recruit the ribosome. Adding 3’ ISS in trans could promote ribosome loading on AUG start
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codon, while other mutants disrupting long distance interaction were not functional. Thus
ribosome loading efficiency was facilitated by long distance interaction. However, more studies
need to be performed to elucidate ribosome recruitment mechanism.

1.6 Summary:
In Maize Necrotic Streak Virus (MNeSV), 3’ISS has been reported to mediate the virus
translation initiation progress (49). Previous mutagenesis analysis showed that mutations in 3’
ISS central region could cause suppression on in vitro translation efficiency in wheat germ
extract (49). It was also shown that 3’ ISS binding with eIF4F played a key role in translation
(49). But how these mutations affected translation efficiency are not clear. We performed steadystate binding studies and stopped-flow kinetics studies on 3’ ISS and mutants interactions with
eIF4F. The wild-type and mutants 3’ISS binding activities with eIF4F and their structures were
also investigated. We found that the different in vitro translation efficiencies of WT 3’ ISS and
the mutants was not only affected by their binding affinities with eIF4F. Other factors, including
long distance interaction, had also affected virus in vitro translation efficiencies. So far, details
about 3’ ISS binding with eIF4F and effects of other translation initiation factors are still not well
understood. We performed steady-state binding studies and stopped-flow kinetics studies on
3’ISS-eIF4F in presence of eIF4A, eIF4B and ATP. We found that binding of these proteins with
eIF4F can increase their binding affinities with 3’ ISS. We also demonstrated that the increased
binding affinities were not caused by the unwinding of 3’ISS. Besides, it has been shown that
long distance kissing loop interactions between 5’ UTR and 3’ ISS is necessary for optimal
translation initiation (37). However, effects of eIFs on 5’ -3’ kissing loop interaction are not
known yet. We investigated MNeSV 5’UTR fragement binding with 3’ ISS with or without eIFs
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through steady-state binding studies and showed that eIF4F facilitated the formation of long
distance 5’-3’ base paring interaction. To get more insights on 40S ribosomal subunit
recruitment, we performed binding studies to determine whether 40S ribosome binds with
5’UTR or 3’ ISS in presence of eIFs. We found that 40S ribosomal subunit had moderate binding
affinities with 3’ ISS and this association would not affect 3’ISS interaction with eIF4F and
5’UTR.
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CHAPTER 2. EXPERIMENTAL METHODS
2.1 Expression and Purification of Wheat Germ Recombinant Proteins
2.1.1 Expression and Purification of eIF4F
All recombinant proteins were purified as previously described (55). A discistronic
eIF4F expression construct with the eIF4G and eIF4E coding genes was a gift from Dr. K.S
Browning, University of Texas at Austin. This eIF4F gene was constructed into the pET3d
vector. Non-tagged eIF4F was then expressed in Escherichia coli BL21(DE3). First, cells were
cultured overnight in 37 °C with a 50mL LB medium at shaking speed (~170 rpm). Then, the
50mL culture was amplified with a 1.2 L 2* nutrient rich LB medium until A600 reached 0.8.
The LB medium contained ampicilline antibiotics. After the cultures’ A600 achieved 0.8, they
were induced with 0.5mM IPTG at 30°C for 2 hours. The IPTG stock solution used consisted of
a concentration of 100mM. 1mL preinduced cells and postinduced cells were harvested after
centrifuged at 20000 g. Induction of desired protein was verified via SDS-PAGE of bacterialcell lysis. Some of the cells were stored by centrifuging 1.2L cultures at 6500 g and 4 °C for
20mins. The cell pellets were collected and flash-frozen using liquid nitrogen for later use or
utilized immediately for the next step.
The pellets from centrifugation were resuspended in 30mL buffer B-500 (20 mM
HEPES-KOH (pH 7.6), 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 500mM KCl). A protease
inhibitor tablet (Roche Complete) was added to the solution. The resuspended solution was then
sonicated. The sonication procedure was 4 X 30 sec at 70% power followed by 3 X 30 sec at
90% power. Two to three minutes of cooling was performed at the gap between two pulses. The
lysed cells were collected by centrifuging at 20000 g for 1hr at 4 °C.
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The supernatants were mixed with four times the volume of buffer B-0 (20 mM HEPESKOH (pH 7.6), 0.1 mM EDTA, 1 mM DTT, 10% glycerol) to achieve 100mM KCl which was
then applied to a 20mL Whatman phosphocellulose column. The phosphocellulose column was
equilibrated by buffer B-100 (20 mM HEPES-KOH (pH 7.6), 0.1 mM EDTA, 1 mM DTT, 10%
glycerol, 100mM KCl). The column was washed with buffer B-100 until the absorbance
returned to baseline level. eIF4F or other associated proteins were eluted with elution buffer B300 (20 mM HEPES-KOH (pH 7.6), 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 300mM KCl).
The collected proteins were diluted with two times volume of Buffer B-0. The proteins in Buffer
B-100 were flash-frozen and stored in -80 °C or used directly for next step.
Proteins were applied to 1ml m7GTP-sephrose column (Jena bioscience). Prior to
application of the sample, the column was equilibrated with buffer B-100. Unbound proteins
were washed out with buffer B-100 until the absorbance returned to baseline. Then the column
was washed with 10mL buffer B-100 with 100𝜇M GTP. eIF4F was finally eluted with elution
buffer B-100 containing 30mM GTP. The collected eIF4F proteins were then dialyzed against
2L equilibrium buffer B-100 overnight in 4 °C to dilute GTP. SDS-PAGE was used to verify the
purity and Bradford assays were used to determine the eIF4F protein concentration.

2.1.2 Expression and Purification of eIF4A and eIF4B
Both his-tagged eIF4A and his-tagged eIF4B constructs were generous gifts from Dr.
D.R. Gallie in University of California, Riverside, CA. Both proteins were expressed in
Escherichia coli BL21(DE3) by constructed plasmid. The purification procedure was the same
for both proteins. Cultures of E.coli, which contained recombinant constructs, were firstly
incubated at 37°C overnight at 170 rpm with a 50mL cultures. These cultures were harvested and
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amplified with 1L LB medium. LB medium has appropriate antibiotics ampicillin. Amplification
was stopped when A600 achieved 0.8. The cultures were induced for 3 hours at 37 °C with
0.5mM IPTG. The cells were collected by centrifugation at 6000 g for 20mins at 4 °C. 1mL
preinduced cells and postinduced cells were harvested with centrifuge at 20000 g and then
denatured after heating in 100 °C. They were loaded onto SDS-PAGE to check the induction.
The collected pellets were quick frozen with liquid nitrogen and saved in -80 °C for future use or
used immediately for next step.
The collected pellets were resuspended with equilibrium buffer (PBS buffer; pH 7.4) with
a protease inhibitor tablet (Roche Complete EDTA free). The resuspended solution was then
sonicated for 3 *30 sec at 70% power followed by 2 *30 sec at 90% power. 2-3 mins cooling was
performed between two sonication pulses. The lysed cells were centrifuged at 20000 g for 1hr at
4 °C. The supernatants were applied to a 1ml Pierce HisPur Cobalt column (GE healthcare) with
equilibrium buffer (PBS buffer; pH 7.4). The column was washed with washing buffer (PBS
buffer; pH 7.4) until the absorbance returned to baseline. Proteins were eluted with elution buffer
(150 mM imidazole and PBS buffer, pH 7.4). Eluted proteins were dialyzed with equilibrium
buffer without imidazole overnight at 4 °C. Proteins’ purities were checked with SDS-PAGE and
the concentrations were determined with Bradford assay.

2.2 Purification of 40S ribosomal subunit
40S Ribosomal subunit was purified from commercial wheat germ. 30g wheat germ was
ground with 30g powdered alumina in a pre-cooled mortar. The wheat germ was mixed with
75mL extraction buffer (20 mM HEPES-KOH, pH 7.6, 100 mM KCl, 4 mM MgAc2, 2
mMCaCl2, and 2 mM DTT, 10% glycerol) and ground in mortar. The mortar was kept on ice or
in a cold room. The mixture was centrifuged at 15000 g for 20 mins. Supernatant was decanted
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from top fat layer and pellets. The supernatant was then centrifuged again at 15000 g for 20
mins. Top fat layer and pellets were removed. The supernatant was filtered and applied to a 1.2liter Sephadex G-25 column equilibrated in Buffer A (20 mM HEPES-KOH, pH 7.6, 5 mM
MgAc2, 2mM DTT, 120mM KCl and 10% glycerol). Same buffer was used to develop the
column. The eluted solution was layered over 1.5ml of 20% sucrose in extraction buffer and
centrifuged with ultracentrifuge at 40000 g for 5 hrs at 4 °C. The pellets were resuspended in
high salt buffer (20mM HEPES-KOH, pH 7.6, 600mM KCl, 5mM MgAc2, 2mM DTT, 10%
glycerol). The resuspended solution was then added to tubes with 3mL sucrose cushion on the
bottom and centrifuged with ultracentrifuge at 40000 g for 5 hrs at 4 °C. The pellets were
resuspended with Buffer A and aliquoted. The solution could be quick frozen with liquid
nitrogen and stored at -80 °C.
The solution was diluted with dissociation buffer (150mM KCl, 1mM MgAc2, 0.1mM
EDTA, 2mM DTT, 20 mM HEPES-KOH, pH 7.6 and 5% sucrose). 1mM puromycin was added
and the solution was incubated for 5 mins at 30°C. The sample was applied to a linear l0-30%
sucrose gradient dissociation buffer and centrifuged with SW-28 rotor (Beckman) for 13hrs at
40000 g at 4°C. Those fractions with the highest absorbance at 260 nm were collected with
fractionator and were dialyzed against dialyzation buffer (20 mM HEPES-KOH, pH 7.6, 5 mM
MgCl2, 50 mM KCl, 0.1 mM EDTA, 2.0mM DTT, and 10% glycerol). 40S ribosome purity was
checked with 1% agarose gel and the concentrations were determined with Nanodrop 1000.

2.3 In vitro transcription of RNA fragment and RNA labeling
RNA fragments were transcribed in vitro from synthesized dsDNA fragments containing T7
promoter purchased from Integrated DNA Technologies, Inc. dsDNA was heated to 94°C and
then slowly cooled to 25 °C to be annealed. RNA fragments were transcribed with HiScribe™
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T7 High Yield RNA Synthesis Kit (New England Biolabs). In the in vitro transcription assay, T7
polymerase, ATP, GTP, UTP, CTP were mixed with reaction buffer and incubated for overnight
at 37 °C. RNaseOUT (Invitrogen) was added to prevent RNA from degrading. The reaction was
stopped by adding of DNAse. RNAs were purified with phenol extraction and ethanol
precipitation. Free nucleotides were removed with NucAway™ Spin Columns (Ambion). The
purity of the RNA was checked with denaturing urea polyacrylamide gel electrophoresis (40%
polyacrylamide solution (29:1), TBE solution (Tris-Borate, EDTA buffer), TEMED 30% (w/v)
10% APS and 7M Urea) and RNA concentration was determined using Nanodrop 1000.
RNA fragments were labeled with fluorescein maleimide dye using 5' EndTag Nucleic
Acid Labeling Kit (Vector Laboratories). Alkaline phosphatase was used to cleave the 5’
phosphate group on RNAs and the reaction was incubated at 37°C for 30mins. Attaching thiol–
phosphate group from ATPγS to RNA was catalyzed by T4 kinase. The reaction was also kept at
37°C for 30mins. Fluorescein maleimide dye was incubated with treated RNA at 65 °C for
30mins or room temperature for 2hrs. The purification was performed with phenol extraction and
ethanol precipitation. Free dye and excess ATPγS was removed with NucAway™ Spin Columns
(Ambion). The purity was checked with denaturing urea polyacrylamide gel electrophoresis
(40% polyacrylamide solution (29:1), TBE solution (Tris-Borate, EDTA buffer), TEMED 30%
(w/v) 10% APS and 7M Urea) and RNA concentration was determined with Nanodrop 1000.
RNA extinction coefficient is 0.025 (µg/ml) cm-1.

2.4 Fluorescence Spectroscopy
Use of fluorescence spectroscopy has been widely spread in biological and biophysical
studies (Figure 13). It is utilized in bimolecular interaction analyses with great success (56).
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This biotechnology is sensitive, which only requires a small amount of material, and safer to use
than radioactive tracer for tracking biochemical interactions. Compared to other bimolecular
interaction study methods, including electrophoretic mobility shift assay and filter binding assay,
fluorescence measurement allows the reactants to be in solution, to track dynamic processes and
give true equilibrium binding constants (56).

Figure 13. Diagram for layout of L-format Fluorometer Fluorolog-3. (Source: Horiba Jobin Yvon Fluorometer
Fluorolog-3 Technique Note)

A fluorophore can be excited through absorbing energy from excitation light. Then it will
emit fluorescence light to release energy when returning from excitation state to ground state.
Because some of the energy was lost via other methods like phosphorescence and internal
conversion (Figure 14), the emission light’s wavelength is longer than the excitation light’
wavelength, and has lower energy. Two fluorescence spectroscopy applications, fluorescence
quenching and fluorescence anisotropy, will be discussed in detail below.
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Figure 14. Jablonski diagram (Source: Joseph R Lakowicz et. al, Principles of fluorescence spectroscopy, 2006)
(57). Fluorophore is excited from ground-state S0 to higher vibrational state S2 and return to lowest vibrational state
S1 quickly through internal conversion. Fluorophore returning from lowest vibrational state S1 to ground-state S0 can
cause emission of fluorescence or phosphorescence.

Many different mechanisms can cause fluorophore’s fluorescence intensity to decrease;
in other words, different mechanisms can cause fluorescence quenching. Collisional quenching
happens after contact of a fluorophore with some other molecules, which are called the
quenchers. This is due to the deactivation of fluorophore excited state after contact with
quenchers in diffusion through electron transfer, spin orbit coupling or intersystem crossing. This
collisional quenching can be explained by Stern-Volmer equation:

𝐹#
= 1 + 𝐾 𝑄 = 1 + 𝑘- 𝜏# [𝑄]
𝐹$%&

(𝑒𝑞. 1)

In this equation, F0 is the fluorophore fluorescence in absence of quencher. Fobs is observed
fluorescence in presence of [Q] quencher. K is Stern-Volmer quenching constant. kq is the
biomolecular quenching constant and 𝜏# is unquenched lifetime. This quenching depends on
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molecular diffusion speed and collision. Another category of quenching is due to the formation
of a nonfluorescent complex between a fluorophore and a quencher (57).
Regarding the protein-RNA interaction fluorescence quenching analysis, protein intrinsic
fluorescence will be detected. Protein intrinsic fluorescence originates primarily from two
aromatic amino acids, tyrosine and tryptophan. However, tyrosine quantum yield is much lower
than tryptophan. Tryptophan emission maximum wavelength can range from 330nm to 355nm
and depends on the solution environment. Peak wavelength will be high in water and low in
hydrophobic conditions, such as inside the protein. Binding of protein to RNA can quench the
protein fluorescence through either conformation change or energy transfer from
tryptophan/tyrosine to nucleic acid bases. So quenched fluorescence intensity is proportional to
the amount of protein-RNA complex. The binding curve can be generated through tracking the
fluorescence change after titration of the protein with increasing concentration of RNA.
Stoichiometric ratio and dissociation constants can then be determined(56). Two effects are
required to be corrected. Fluorophores dilution can affect their fluorescence intensity and this
phenomenon is known as dilution effect. This effect should be considered because adding RNA
into protein solution will change protein concentration. The second effect to be corrected is inner
filter effect (58). RNAs absorbance range also overlaps with the excitation wavelength so some
excitation intensity will be absorbed before reaching the protein. This effect can be ignored if
RNA absorbance is low. Otherwise, it should be corrected with this formula:

𝐹7$88 = 𝐹$%& × 10 (

;<=
;
? <@ )
>
>

(𝑒𝑞. 2)

In this equation, Aex and Aem are the RNA absorbance at the excitation wavelength and emission
wavelength, respectively.
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2.5 Fluorescence Anisotropy
Another powerful tool used to study bimolecular interactions is fluorescence anisotropy.
This method was firstly reported by Perrin et al. (1926). If a molecule is excited by a polarized
excitation light, the emission light can also be polarized. The polarization extent depends on the
size and shape of this molecule. A flexible small molecule can tumble and rotate very quickly,
so it can be fully depolarized through fluorescence emission time. In this case, the emission
light’s anisotropy is zero. However, if fluorophore on a rigid macromolecule is excited, its
rotation or tumbling rate is very slow so that the emission light will still be polarized in
fluorescence lifetime (Figure 15). So the emission light polarization value is affected by
fluorophore-attached molecule’s rotation rate. The rotational correlation time is related to:

𝜃=

3𝜂𝑉
𝑅𝑇

(𝑒𝑞. 3)

In this equation, 𝜃 is rotational correlation time, 𝜂 is solution viscosity, V is the molecular
volume, R is gas constant and T is the absolute temperature (57).
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Figure 15. Fluorophore-attached molecules’ depolarization depend on their sizes (Source: Fluorescence Polarization
Technical Resource Guide). Due to rapid rotation, small molecule is easy to be depolarized. For larger molecule
that rotate slowly, emitted light will remain polarized.

Fluorescence anisotropy can be used to study protein-RNA interactions. Fluorophore is
usually attached to the RNA and then the labeled RNA will be titrated with increasing
concentrations of proteins. The reasons for this includes: 1) In our experiment, RNA is smaller
than proteins. In this case, anisotropy difference between before and after titration is larger. 2)
Other RNA or protein sample will also have fluorescence and affect the monitored protein’s
intrinsic fluorescence detection (56). 3) Fluorophore can be attached to 5’ end or 3’ end
conveniently. After formation of protein-RNA complex, fluorophore-tagged molecules’
rotational relaxation time is increased due to the increase in molecular size. Fluorescence
anisotropy is then expected to increase. Anisotropy change is proportional to the amount of
protein-RNA complex, so a binding curve can be generated via plotting anisotropy change
against protein concentrations.
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In practice, a correction item called grating factor (G) is determined given the unique feature and
alignments for different fluorimeter machines. The fluorimeter will firstly polarize the excitation
light with horizontal polarizer, excite the sample with horizontal excitation light and then detect
the vertical emission light intensity Ihv and horizontal emission light intensity Ihh. Then G factor
will be computed with following equation:

𝐺𝑓𝑎𝑐𝑡𝑜𝑟 =

𝐼PQ
𝐼PP

(𝑒𝑞. 4)

Then fluorimeter will polarize excitation light with vertical polarizer, excite the sample with
vertical excitation light and then check the vertical emission light intensity Ivv and horizontal
emission light intensity Ivh (Figure 16). Finally, the actual anisotropy will be determined as:

𝐴=

𝐼QQ − 𝐺 · 𝐼QP
𝐼QQ + 2 · 𝐺 · 𝐼QP

(𝑒𝑞. 5)
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Figure 16. Diagram for L-format measurements of fluorescence anisotropy (Source: Joseph R Lakowicz et. al,
Principles of fluorescence spectroscopy, 2006) (57). Top excitation light is polarized with vertical polarizer and
bottom one is polarized with horizontal polarizer.

Steady-state fluorescence anisotropy experiments were performed to determine
interactions of fluorescein labeled RNA with proteins or 40S ribosomal subunit. Fluorescence
anisotropy changes were tracked with a L-format Spex Fluorolog τ2 spectro fluorometer.
Fluorescein was excited with excitation wavelength 492nm and emission was observed at
519nm. 519nm was determined by actual emission spectrum peak collected for the same solution
with spectrofluorimeter. The slit width was optimized for decreasing the scattered light. The
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excitation and emission slits were set to 4nm and 5nm, respectively. The G factor was
determined for each measurement with excitation light polarized by horizontal polarizer and it
was determined to be ~1. Vertical emission light intensity and horizontal emission light intensity
with vertical polarized excitation light were monitored and was followed by calculation of the
fluorescein anisotropy. The fluorescein labeled RNAs were incubated with increasing
concentrations of proteins or 40S ribosomal subunits in titration Buffer (20 mm HEPES-KOH,
pH 7.6, 2.0 mM MgCl2, 1.0 mM DTT and 0.1mM KCl). The reaction volume was set to 200𝜇L.
Fluorescein labeled RNAs were refolded through heating to 94°C and subsequent slow cooling
to 25°C slowly before adding into titration buffer. Fluorescein anisotropy change was measured
after labeled RNAs were titrated with increasing concentrations of proteins or 40S ribosomal
subunit. The normalized fluorescence anisotropy change was plotted against proteins or 40S
ribosomal subunit concentrations. Equilibrium dissociation constant KD was calculated with the
following equation:

𝑟$%&

𝑏 − 𝑏 > − 4 ∙ 𝑅𝑁𝐴 ∙ 𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑠/40𝑆
= 𝑟WXY + (𝑟WZ[ − 𝑟WXY )(
)
2 ∙ 𝑅𝑁𝐴

(𝑒𝑞. 6)

In this equation, robs is the observed normalized anisotropy, rmin is the minimum normalized
anisotropy value in titration curve, rmax is the maximum normalized anisotropy value and
b=KD+[RNA]+[Proteins/40S] (59). KD is equilibrium dissociation constant of RNAs interaction
with proteins or 40S ribosomal subunit. Data fitting was performed with non-linear least square
fitting program KaleidaGraph 4.1.1 (Abelbeck Software).
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2.6 Thermodynamic analyses
Temperature dependence studies of these interactions were conducted to
determine the thermodynamic parameters. Titration of fluorescein labeled ISS and ISS
mutants with eIF4F were performed at 5-30 °C as indicated in Results. Equilibrium dissociation
constants KD were then calculated as described above. To plot ln 𝐾h- against T-1, association
constants were derived from KD. Enthalpy change (∆H), entropy change (∆S) and free energy
change (∆G) were calculated from Van’t Hoff equation:

ln 𝐾h- = −

∆j
kl

+

∆m
k

=−

∆n
kl

(𝑒𝑞. 7)

In this equation, Keq is the association equilibrium constants, T is the absolute temperature, ∆H is
enthalpy change, ∆S is entropy change, ∆G is free energy change and R is the universal gas
constant.

2.7 Stopped-flow Fluorescence Study and Analysis
Because most protein-RNA interactions rates are very fast, stopped flow is a useful tool
to determine reaction association and dissociation rates. The stopped flow consisted of reservoir
syringes, drive syringes, mixing flow cell and stopping syringe (Figure 17). Mixing reaction’s
optical property can be observed with connected corresponding detector, including fluorescence,
chemiluminescence and circular dichroism. Fast reactions can be analyzed with data collected
from this machine and only small amounts of samples are needed. The shortcoming of this
method is an unavoidable dead time, which is the time between the end of sample mixing and
beginning of data collection. With the development of this method, the dead time can be as low
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as 0.8ms. In practice, two reactant solutions are first loaded into drive syringes from reservoir
syringes. A pushing block will push both drive syringes to inject reactant solutions into the
mixing flow cell. The sensor on the stop syringe sends out a signal once flow stops. Then data
collection begins. Optical property will be tracked by spectrophotometer whose light path goes
through the mixing flow cell (also known as mixing chamber). So the reaction kinetics with halflife longer than a millisecond can be analyzed with this method.

Figure 17. Layout of stopped-flow kinetics machine. (Source: Mottola, H. A. et. al, Kinetic aspects of analytical
chemistry, 1988)

Stopped-Flow Model SF-300X from KinTek and Spectrophotometer OLIS RSM 1000F
equipped with a stop-flow instrument mounted on sample chamber were used to perform presteady state fluorescence quenching studies. The light source in KinTek Model SF-300X is a
150W L2274 Xenon lamp. Spectrophotometer OLIS RSM 1000F spectrophotometer is a 450 W
Xe arc lamp. The excitation light wavelength was set to 280nm, which is the excitation
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wavelength of intrinsic protein fluorescence. The emission light intensity was determined
through a photomultiplier tube installed with 320nm cut-on filter. The reactions temperatures
were kept in 25 °C. The mounted stopped-flow apparatus dead time is 1ms. The lifetime of our
reaction was determined to be much larger than that. 300nM eIF4F with or without eIF4A-eIF4B
and excess 3’ISS or 3’ ISS mutants in titration buffer (20mM HEPES-KOH, pH=7.6, 5mM
MgCl2, 100mM KCl and 2mM DTT) were loaded on to drive syringe. The drive syringe was also
kept in a 25 °C water bath. Each data point was averaged with at least 3 individual tests and each
test consisted of 5-10 fired reactions.
The time course plots of fluorescence intensity were fitted by both single exponential
equation and double exponential equation. Single-exponential equation is

𝐹$%& = 𝐹WXY + 𝐴 ∙ 𝑒 pqrst u

(𝑒𝑞. 8)

In this formula, Fobs is observed fluorescence intensity at time t, A is the fluorescence change
amplitude, Fmin is minimum fluorescence intensity after reaction returns to be equilibrium, and
kobs is observed rate constant. Double-exponential function is

𝐹$%& = 𝐹WXY + 𝐴w ∙ 𝑒 pqrstx u + 𝐴> ∙ 𝑒 pqrsty u

(𝑒𝑞. 9)

In this equation, A1 and A2 are amplitudes for reactions first and second components with two
different observed rate constant kobs1 and kobs2, respectively.

To determine whether the reactions were one-step or two-step binding processes, observed rate
constants relationship with RNA concentrations were investigated. The two equations explain
these two mechanisms could be used to define reactions mechanism. For a one-step process,

𝑘$%& = 𝑘w ∙ 𝑅𝑁𝐴 + 𝑘pw

(𝑒𝑞. 10)
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kobs is observed rate constant, k1 is association rate constant and and k-1 is dissociation rate
constant. For a two-step binding process,

1
𝑘$%&

=

1
𝐾w
+
𝑘> 𝑘> ∙ 𝑅𝑁𝐴

(𝑒𝑞. 11)

with the assumption of k2>>k-2.
In this equation, kobs is observed rate constant, k2 is association rate constant for second step, and
K1 is the equilibrium constant for first step (60). As described above, the relationship of 𝑘$%& and
RNA concentrations can be used to determine reactions mechanism.
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CHAPTER 3. RESULTS
3.1 Thermodynamic parameters and kinetic studies of eIF4F binding to 3’ISS
and mutants
3.1.1 Mutagenesis analysis indicated 3’ ISS binding with eIF4F played a key role in MNeSV
in vitro translation efficiency
Previous mutagenesis analysis had shown that mutations in the domain around 3’ ISS
central loop could cause dramatic suppression of in vitro translation efficiency in wheat germ
extract (49) (Figure 18). In the in vitro translation assays, the 3’ UTR in viral RNA genome was
deleted and 3’ ISS and other mutants were introduced in trans. Surprisingly, the translation
efficiency change is caused by only one nucleotide mutation (Table 1). To clarify the reasons for
these differential translation efficiencies, three mutants, including ISS-C1, ISS-CA and ISSiA/B2 (49), were subject to further studies described here. We used the mutants names in
accordance to previous work (49) (Figure 18). All the mutants had only one nucleotide
substitution located in the central region of 3’ ISS. 3’ ISS-C1 translation efficiency added in
trans was the lowest in these three mutants, which is only 8% of the wild-type. The guanosine
G13 was deleted in this mutant. This guanosine G13 could be modified by single sequence
modifying agents, including NMIA, kethoxal, CMCT and dimethyl sulfate DMS. 3’ ISS-iA/B2
had moderate translation efficiency, 37% of the wild type. Guanosine, G18, positioned in the
double strands between two internal loops was replaced with a cytosine. This guanosine was
predicted to form a guanine-uracil wobble base pair in the proposed secondary structure. 3’ ISSCA is the only one mutant that displayed a greater translation efficiency than that of wild type 3’
ISS. The mutation was located on the same position with the mutated guanosine in 3’ ISSiA/B2. However, this guanosine, G18 was substituted by adenosine. In turn, guanine-uracil
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wobble base pair was changed to a more stable uracil-adenine Watson crick base pair. The
mutants’ secondary structures will be discussed in detail below.

Figure 18. Mutagenesis analysis of 3’ ISS (Source: Nicholson et al., RNA, 2010) (49). The mutation names are
shown on the top for each mutants. Mutated nucleotide is shown in gray box with the modified one in bold. The in
vitro translation efficiencies are labeled below the gray box.

Table 1. In vitro translation efficiency of 3’ ISS and mutants. Translation efficiencies were determined by Nicholson
et al., RNA, 2010.
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Mfold was used to predict secondary structures for 3’ ISS and three other mutants. the
most stable secondary structure for each RNA fragment is shown (Figure 19). Wild type
structures are the same as were shown in Figure 18. An alternative conformation for 3’ISS had
also been reported and proposed as described in Introduction part, so the free energy change of
the alternative conformation was also determined with Mfold. Mfold showed that the energy
difference between the most stable conformation and this alternative conformation was large,
2.7kcal/mol (Figure 20). This indicated that the lowest energy conformation was still the
dominant conformation for wild type 3’ ISS RNA fragment.

Figure 19. Predicted secondary structures of A) wild-type 3’ISS and mutants B) 3’ ISS-C1 and C) 3’ ISS-iA/B2 D)
3’ ISS-CA by M-fold. The sequence that participates in long distance base pair interaction is shown in the box or
with a red bracket. The modified nucleotides are shown with red arrow. Two predicted 3’ ISS-iA/B2 conformations
shown in figure C have similar free engineer change.
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Figure 20. Two proposed conformation of wild type 3’ ISS. The most stable one is on the left, while the alternative
conformation with higher ∆G is on the right. Two predicted ∆Gs by Mfold are shown on the bottom.

The predicted conformation of 3’ ISS-C1 is similar with that of 3’ ISS wild type’s lowest
energy conformation. It has one internal loop and one terminal loop on the top. Due to
guanosine G13 deletion, the 5’ side of the internal loop has four single stranded nucleotides
instead of the five. Other than this, its secondary structure is the same as wild type.
Interestingly, the most stable structure predicted for 3’ ISS-CA is more similar with the
wild type 3’ ISS’s alternative conformation as show in Figure 20. In 3’ ISS-CA, G18 was
mutated to an adenosine. So in the most stable conformation, a guanine-uracil wobble base pair
in wild-type ISS was changed to an uracil-adenine Watson crick base pair, which in turn
stabilizes the secondary structure.
Unlike other mutants that have one dominant conformation, 3’ ISS-iA/B2 have two
conformations whose predicted ∆Gs are similar with each other. The energy difference between
the two conformations is only 1kcal/mol. Two different conformations of 3’ ISS-iA/B2 can
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coexist in an equilibrium. In one predicted conformation, the 6nts which should participate in
long distance base pairing interaction, are instead double stranded. This causes the 5’-3’ long
distance interaction of 3’ ISS-iA/B2 to be disrupted at this conformation.

Figure 21. Normalized anisotropy changes of eIF4F interactions with 3’ ISS and 3’ ISS mutants. The fluoresceinlabeled 3’ ISS and 3’ ISS mutants concentrations were 50nM in titration buffer at 25 °C. Normalized anisotropy
data are plotted versus increasing eIF4F concentration. The excitation and emission wavelengths were 492 and 519
nm, respectively. Each data point is the average value from at least three independent experiments. Error bars
represent each data point’s standard deviation.

Fluorescence anisotropy binding studies were performed to determine the binding affinity
of eIF4F to 3’ISS or 3’ ISS mutants. 3’ ISS and 3’ ISS mutant RNA fragments were transcribed
in vitro from DNA oligoes. All RNA fragments’ 5’ ends were labeled with fluorescein. The
labeled RNAs were then titrated with increasing concentrations of eIF4F. Fluorescence
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anisotropy data was monitored with fluorospectrometer. The steady state dissociation constants
(KD) were then determined as described in Experimental Methods section.

Table 2. Equilibrium dissociation constants KD of eIF4F interactions with 3’ ISS and 3’ ISS mutants

Equilibrium dissociation constants (KD ) at 25 °C
(nM)

ISS-eIF4F

173 ± 34

ISS-C1-eIF4F

>2000

ISS-iA/B2-eIF4F

169 ± 38

ISS-CA-eIF4F

108±26

We found that eIF4F-3’ ISS interaction’s KD was ~173nM (Figure 21, Table 2).
Consistent with 3’ ISS-C1’s low in vitro translation efficiency, eIF4F-3’ ISS-C1 interaction’s KD
was larger than 2𝜇M. This interaction had only a non-specific binding activity (Figure 21, Table
2). Surprisingly, we discovered that KD of eIF4F binding with 3’ ISS-iA/B2 was ~169nM
(Figure 21, Table2), similar with wild type 3’ ISS-eIF4F interaction. However, 3’ ISS-iA/B2 in
vitro translation efficiency was moderate with only 37% of wild type translation efficiency. The
disrupted long distance base paring interaction in one proposed conformations could account for
the reduced translation efficiency. We also determined that KD of eIF4F interaction with 3’ ISSCA is ~108nM (Figure 21, Table2). This means that eIF4F-3’ ISS-CA is a tighter binding than
eIF4F-3’ ISS. This is consistent with 3’ ISS-CA’s reported higher in vitro translation efficiency.
In sum, the in vitro translation efficiencies of wild-type 3’ ISS and the mutants were determined
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not only by their binding affinities with eIF4F, but also other elements, including 5’-3’ long
distance interaction.

3.1.2 Thermodynamic parameters of eIF4F interactions with 3’ ISS and mutants
Thermodynamic parameters were determined to uncover more differences among
interactions of eIF4F with wild type 3’ ISS or mutants (Figure 22, Table 3). I performed
ttemperature-dependence binding studies and determined KDs of each interaction in different
temperatures as previously described. ln 𝐾h- was plotted against 1000/T. Changes in free
energy, enthalpy, and entropy could then be calculated using Van Hoff’s analyses as described in
Experimental Methods (Table 4). We found that wild type 3’ISS interaction with eIF4F is
enthalpically and entropically favorable. Another known 3’ CITE in Barley Yellow Dwarf Virus
(BYDV), 3’ BTE, was also determined to be both enthalpically and entropically favorable.
3’ ISS-CA interaction with eIF4F exhibited similar energy changes with wild type 3’ ISS
binding with eIF4F. This interaction is also both enthalpically and entropically favorable. The
formation of charge related interaction, such as electrostatic binding and hydrogen binding
between eIF4F and RNAs, could lead to the enthalpy change. Bindings of eIF4F-3’ISS and
eIF4F-3’ISS-CA interactions might be accompanied by the releasing of water molecules. Once
bound, the water molecules on eIF4F and RNA surfaces could be released because these surfaces
were involoved in the contacting of eIF4F and RNA. Releasing of water molecules from the
bound form to free form will likely cause the entropy to increase.
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Figure 22. Temperature dependent binding studies of eIF4F interaction with 3’ ISS. Fluorescein-labeled 3’ ISS
concentrations was 50nM in titration buffer. Fluorescence anisotropy changes were tracked after adding increasing
concentrations of eIF4F at 4 different temperatures, 15℃, 20℃, 25℃, and 30℃. The excitation and emission
wavelengths were set to 492 and 519 nm, respectively. Normalized anisotropy data are plotted versus concentration
of eIF4F. Each data point is the average value of at least three independent experiments. Error bars represent each
data point’s standard deviation.
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Table 3. Equilibrium dissociation constants KDs for eIF4F with ISS and different mutants determined in different
temperatures

a.

Translation efficiencies were determined by Nicholson et al., RNA, 2010.

b.

ND: not determined

Unlike last two RNA-eIF4F bindings, 3’ ISS-iA/B2 and eIF4F interaction was only
enthalpically driven. The conformational difference between wild type 3’ISS and ISS-iA/B2 was
considered to explain the difference of 3’ISS-eIF4F and 3’ISS-iA/B2-eIF4F interactions
thermodynamics parameters. 3’ ISS-iA/B2-eIF4F interaction’s greater enthalpy change might be
caused by the formations of more electrostatic interactions and hydrogen binding. More
interactions and contacts would in turn lead to higher rigidity of the formed complex. The
decreased entropy is attributed to limitation of molecules movement.
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Table 4. Free energy changes, enthalpy changes and entropy changes of eIF4F binding with 3’ ISS and 3’ ISS
mutants. T·∆S/∆G contribution to the free energy change was also calculated at 25℃.

* T·∆S/∆G contribution to the free energy change cannot be measured because reaction is only enthalpically
favorable.

3.1.3 3’ ISS-CA-eIF4F interaction has higher association rate than 3’ ISS-eIF4F

Pre-steady state kinetics studies were conducted to determine the kinetics parameters of
3’ ISS-CA-eIF4F and 3’ ISS-eIF4F interactions (Figure 23-24). Binding of 3’ ISS or 3’ ISSCA
to eIF4F causes eIF4F to undergo intrinsic fluorescence quenching. Fluorescence intensities of
both reactions were monitored immediately after mixing with 3’ ISS or 3’ ISS-CA using
Stopped-Flow Model SF-300X from KinTek and Spectrofluorometer OLIS RSM 1000F
equipped with a stop-flow instrument. 3’ ISS and 3’ ISS-CA concentrations in these reactions

50

were in excess, [eIF4F]<<[ISS/ISS-CA], so that these reactions were expected to follow pseudo
first order kinetics model.

Figure 23. Time course of eIF4F protein fluorescence quenching after mixing with excess 3’ISS at 25°C.
Concentration for each curve was labeled in the box. The excitation wavelength was 280nm. A 320nm cut-on filter
was used for fluorescence emission observations. Single exponential equations were used to fit the data because no
improved fit were observed with double exponential equations. The offsets of starting fluorescence intensities were
caused by different photomultiplier tubes voltages used.
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Figure 24. Time course of eIF4F protein fluorescence quenching after mixing with excess 3’ISS-CA at 25°C.
Concentration for each curve was labeled in the box. The excitation wavelength was 280nm. A 320nm cut-on filter
was used for fluorescence emission observations. Single exponential equations were used to fit with the data
because no improved fit were observed with double exponential equations. The offsets of starting fluorescence
intensities are caused by different photomultiplier tubes voltages used.

eIF4F fluorescence intensities were plotted versus reaction times. To rule out nonspecific binding, interaction of eIF4F with a control DNA was also investigated (data not
shown). eIF4F fluorescence quenching data were then fitted with both single exponential
equation and double-exponential equation (Figure 23 and Figure 24). However, doubleexponential fitting did not show any improvement compared with single exponential fitting.
Observed rate constants were then calculated. Observed rate constants’ relationship with 3’ ISS
or 3’ ISS-CA concentrations were determined (Figure 25). The observed rate constants were
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found to be proportional to ISS or 3’ ISS-CA concentrations. This is consistent with the one-step,
simple bimolecular binding model, which can be explained by equation:

𝑘$%& = 𝑘w 𝑅𝑁𝐴 + 𝑘pw

(𝑒𝑞. 12)

kobs is observed rate constant. k1 and k-1 are association rate and dissociation rate respectively. k1
and k-1 are calculated from the slope and intercept respectively of the linear plot of kobs versus

-1

kobs(s )

ISS or 3’ ISS-CA concentrations.

Figure 25. Observed rate constants were proportional to 3’ISS/3’ISS-CA concentration. The linear plot’s intercept
and slope were used to determine the dissociation rate and association rate.

The association rate constant k1 and dissociation rate constant k-1 for eIF4F interaction
with 3’ISS were determined to be 31.2±2.3 µM-1s-1 and 5.9±1.9 s-1 respectively, while the
association rate constant k1 and dissociation rate constant k-1 for eIF4F interaction with 3’ ISS53

CA were determined to be 45.7±1.0 µM-1s-1 and 5.6±1.1 s-1 respectively (Table 5). eIF4F-3’ ISS
and eIF4F-3’ ISS-CA dissociation rate constants are similar. However, eIF4F-3’ ISS association
rate was lower than that of eIF4F-3’ ISS-CA’s interaction. The lower association rate for eIF4F3’ ISS contributes to its lower binding affinity than eIF4F-3’ ISS-CA. These two reactions had
similar free energy changes, thus the differential association rate might be attributed to a higher
energy barrier at eIF4F-3’ ISS interaction transition state. Because interaction rate is much
slower than diffusion rate, the differential rate constant for these two interactions might limited
mainly by molecules flexibility. KD could also be calculated with k1 and k-1, KD=k-1/k1. The
calculated KD are found to be consistent with the KD measured with steady state binding studies.

Table 5. Association constants k1 and dissociation constants k-1 of eIF4F with 3’ ISS and 3’ ISS-CA

Calculated

k1 (µM-1 s-1 )

k-1 (s-1 )

KD (nM)

ISS-eIF4F

31.2 ± 2.3

5.9 ± 1.9

173 ± 34

189

ISS-CA-eIF4F

45.7 ± 1.0

5.6 ± 1.1

108 ± 26

121

KD (nM)

3.1.4 Summary
Previous work has demonstrated that only one nucleotide modification on 3’ ISS could
lead to dramatic change on its efficiency to promote in vitro translation. There mutations were
subject to more studies. 3’ ISS-C1 translation efficiency and binding affinity with eIF4F were
decreased due to a guanosine deletion. Solution structure probing showed that this guanosine is
highly accessible by single strand modifying reagents. This demonstrated that this nucleotide
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might play an important role in the 3’ ISS-eIF4F binding. Due to its high accessibility, this
guanosine may participate in initiating 3’ ISS-eIF4F binding. Another possibility is that it may
locate in the binding site. Two internal loops were found in predicted 3’ ISS-CA’s most stable
structure, while only one internal loop is in wild type 3’ ISS’s most stable conformation.
Interestingly, 3’ ISS-CA-eIF4F interaction has a higher binding affinity than 3’ ISS-eIF4F.
By conducting kinetics studies on 3’ ISS-CA-eIF4F interaction and 3’ ISS-eIF4F
interaction, we found these two interactions had similar dissociation rates, while 3’ ISS-CAeIF4F association rate was higher than the other. Because interactions rates are much slower than
diffusion rate, the differential rate constant could be explained by the assumption that two
internal loops in 3’ ISS-CA might lead to higher flexibility than one loop in 3’ ISS.
Thermodynamics parameters of 3’ ISS-iA/B2-eIF4F interaction were different from the
other two interactions. This implied that one of the two stable secondary structures of 3’ ISSiA/B2 predicted by Mfold was completely different with 3’ ISS and 3’ ISS-CA and thus utilized
a different binding mechanism.
We also compared eIF4F-3’ ISS interactions equilibrium dissociation constants KD to
other interactions KDs that were determined in other studies. 3’ ISS-eIF4F interaction’s KD is at
least five fold smaller than that of eIF4F interaction with m7GTP, which were in 𝜇M ranges. The
higher binding affinity could promote virus genome sequestering of the translation initiation
machinery and give the virus an advantage in the competition with host cell RNA. 3’ ISS-eIF4F
KD is similar with eIF4F’s interaction with TEV PK1: ~ 218nM (61).
Thermodynamic parameters of eIF4F interactions with other plant viral genome RNA on
untranslated regions consisting of similar features to 3’ISS suggest that these reactions were both
enthalpically and entropically favorable. However, eIF4F interaction with m7GTP was measured
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to be only entropical driven (62) (Table 6). The stacking interaction between m7GTP and
eIF4F’s cap binding pockets could cause the release of the water molecule in cap binding
pockets. Then the entropy increases. Less charge related interactions can form between eIF4F
and m7GTP than eIF4F-3’ISS. Association rate and dissociation rate of TEV PK1 interaction
with eIF4F were measured to be twice those of 3’ ISS with eIF4F (Table 7).

Table 6. Thermodynamic parameters of eIF4F interactions with three RNA fragments found in plant virus genome’s
untranslated regions and eIF4F-m7GTP interaction. T·∆S/∆G contribution to the free energy change was also
calculated with temperature at 25℃ (47,61,62).
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Table 7. Comparison of kinetic parameters of the eIF4F-3’ ISS interaction versus the eIF4F-PK1 interaction.

k1(µM-1s-1)

k-1(s-1)

ISS-eIF4F

31.2 ± 2.3

5.9 ± 1.9

PK1-eIF4F

59 ± 2.1

12.9 ± 0.3

3.2 eIF4A-eIF4B complex increases binding affinity of eIF4F to 3’ ISS and
also increases 3’ ISS-eIF4F association rate
3.2.1 eIF4A could slightly increase eI4F-3’ ISS binding affinity
Plant eIF4A’s concentration is much higher than plant eIF4F in cells. It was reported that
eIF4A had helicase activity but required energy from ATP hydrolysis. Plant eIF4B can increase
the helicase activity of eIF4A with ATP. So In translation initiation, plant eIF4A complexed
with eIF4B could unwind secondary structure in mRNA 5’ UTR. This unwinding process can
help with 40S ribosomal subunit loading onto the mRNA (12).
Plant eIF4G, the large subunit of plant eIF4F, was found to possess two eIF4A binding
sites and two eIF4B binding sites. Previous studies on other plant virus systems have shown that
the eIF4A-eIF4B-ATP complex can increase eIF4F binding affinity with virus cap independent
translation elements(47). The eIF4A-eIF4B complex’s effect on 3’ ISS binding with eIF4F was
then investigated and is reported here.
Fluorescence anisotropy binding studies were conducted to determine the dissociation
constants of 3’ ISS with eIF4F in presence of eIF4A or eIF4B as described above. 3’ ISS was
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labeled with fluorescein and mixed with eIF4A-eIF4F mixture. In eIF4A-eIF4F mixture, excess
eIF4A was added so that 90% eIF4F was in complex form. The equilibrium dissociation
constant (KD) of 3’ ISS’s interaction with eIF4F in the presence of excess eIF4A (~108nM)
(Figure 26, Table 8) was determined to be around two fold lower than the KD of 3’ ISS’s
interaction with eIF4F (~173nM). To rule out the possibility that labeled 3’ISS fluorescence
anisotropy changing is due to binding with eIF4A, labeled 3’ ISS was also titrated with eIF4A.
No fluorescence anisotropy increase was detected after mixing with 40-fold excess eIF4A.

Table 8. Equilibrium dissociation constant (KD) of interactions of ISS with eIF4F, eIF4F-eIF4A complex and eIF4FeIF4B complex.

Equilibrium
Proteins complex

dissociation constants
(KD) at 25°C (nM)

eIF4F

173 ± 34

eIF4F-eIF4A

108 ± 26

eIF4F-eIF4B

169 ± 30

The effect of eIF4B alone on eIF4F binding with 3’ ISS was also determined as
mentioned above regarding eIF4A binding, 3’ ISS was titrated with eIF4B-eIF4F mixture, in
which 90% eIF4F was in complex form. The equilibrium dissociation constant KD of 3’ ISS
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interaction with eIF4F in the presence of excess eIF4B (~169nM) (Figure 26, Table 8) was
determined to be similar to the KD of 3’ ISS interaction with eIF4F (~173nM). In other words, no
effect of eIF4B on 3’ ISS-eIF4F binding was noticed. No fluorescence anisotropy increase was
detected after mixing 3’ ISS with 40-fold excess eIF4B.

Figure 26. Normalized anisotropy changes depend on eIF4F concentration for eIF4F interaction with 3’ ISS, eIF4F
interaction with 3’ ISS in presence of eIF4A and eIF4F interaction with 3’ ISS in presence of eIF4B. Fluorescein
labeled 3’ ISS concentration was 50nM in titration buffer. Fluorescence anisotropy changes were tracked after
adding increasing concentrations of eIF4F. The excitation and emission wavelengths were set to 492 and 519 nm,
respectively. Normalized anisotropy data are plotted versus concentrations of eIF4F. Each data point was the
average value from at least three independent experiments. Error bars represent each data point’s standard
deviation.
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3.2.2 eIF4A-eIF4B complex increased eIF4F-3’ ISS binding affinity by four fold
Because increasing binding affinity of eIF4F with 3’ BTE in the presence of eIF4AeIF4B-ATP complex had been seen in previous experiments, we performed steady state
fluorescence anisotropy studies to detect eIF4A-eIF4B-ATP complex effect on eIF4F-3’ISS
interaction. Fluorescein labeled 3’ ISS was titrated with increasing concentrations of eIF4AeIF4B-ATP-eIF4F mixture. In eIF4A-eIF4B-ATP-eIF4F mixture, eIF4A, eIF4B and ATP were
added in an excess amount such that 90% of eIF4F is in complex form. Before implementation
of this experiment, fluorescein labeled 3’ ISS was also mixed with eIF4A-eIF4B-ATP complex
and no fluorescence anisotropy change was detected. Observation demonstrated that equilibrium
dissociation constants KD for eIF4F-3’ ISS interaction in presence of eIF4A-eIF4B-ATP
complex (~48nM) was four fold lower than the KD for eIF4F-3’ ISS interaction (~173nM)
(Figure 27, Table 9). This showed that eIF4A-eIF4B-ATP complex can increase eIF4F-3’ ISS
binding affinity.
eIF4A-eIF4B-ATP complex have helicase activity to unwind double stranded RNA. To
determine whether RNA unwinding is essential for the increasing binding affinity, we changed
ATP to AMPPNP, a non-hydrolysable ATP analog, in titration. ATP is required by eIF4A-eIF4B
complex for unwinding double stranded RNA, so AMPPNP should suppress this activity. In the
presence of eIF4A-eIF4B-AMPPNP complex, equilibrium dissociation constants KD for eIF4F3’ ISS interaction was determined to be ~52nM (Figure 27, Table 9). Even though eIF4A-eIF4B
complex helicase activity was subdued, eIF4F-3’ ISS interaction binding affinity could still be
enhanced by eIF4A-eIF4B. Similar equilibrium dissociation constants KD was observed for 3’
ISS-eIF4F interaction in presence of only eIF4A-eIF4B complex only. This suggests that 3’ ISS
unwinding is not the reason for the increased binding affinity. Furthermore 3’ ISS was titrated
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with excess eIF4A-eIF4B complex without eIF4F. The fluorescence anisotropy did not change in
this negative control interaction.

Figure 27. Normalized anisotropy change depends on eIF4F concentration for 3’ ISS interaction with eIF4F, eIF4AeIF4B-eIF4F-ATP complex and eIF4A-eIF4B-eIF4F complex. Fluorescein labeled 3’ ISS concentration was 50nM
in titration buffer. Fluorescence anisotropy changes were tracked after adding increasing concentrations of eIF4F.
The excitation and emission wavelengths were set to 492 and 519 nm, respectively. Normalized anisotropy data are
plotted versus concentrations of eIF4F. Each data point was the average value from at least three independent
experiments. Error bars represent each data point’s standard deviation.

Table 9. Equilibrium dissociation constant (KD) of interactions of 3’ ISS with eIF4F, eIF4A-eIF4B-eIF4F-ATP
complex, eIF4A-eIF4B-eIF4F-AMPPNP complex and eIF4A-eIF4B-eIF4F complex
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Equilibrium dissociation
constants (KD) at 25℃
(nM)

eIF4F

173 ± 34

eIF4F-eIF4A

108 ± 26

eIF4F-eIF4B

169 ± 30

eIF4A-eIF4B-eIF4F

54 ± 14

eIF4A-eIF4B-eIF4F-ATP

48 ± 11

eIF4A-eIF4B-eIF4F-

52±16

AMPPNP

3.2.3 eIF4A-eIF4B complex increases 3’ ISS-eIF4F association rate and decreases its
dissociation rate
To understand more details about eIF4A-eIF4B complex effect on 3’ ISS interaction with
eIF4F, pre-steady state kinetics parameters were determined for this interaction. Excess amount
of ISS were mixed together with eIF4F-eIF4A-eIF4B complex to obtain pseudo first order
interaction condition (Figure 28). Complex proteins fluorescence quenching was monitored with
fluorospectrometer mounted with stopped-flow machine. Association rate and dissociation rate
were calculated as described above. In the presence of eIF4A and eIF4B, eIF4F-ISS interaction’s
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association rate was ~42.78 µM-1s-1 and dissociation rate was 2.31 s-1 (Figure 29, Table 10).
Compared with kinetics parameters of eIF4F-3’ ISS interaction, eIF4A-eIF4B complex slightly
increased association rate and decreased dissociation rate by more than twice. The reduced
dissociation rate indicated that formed eIF4A-eIF4B-eIF4F-3’ ISS complex was more stable than
eIF4F-3’ ISS complex. Besides, KD calculated from k1 and k-1 was consistent with KD
determined by steady-state binding studies.

Figure 28. Time course of eIF4F-eIF4A-eIF4B protein fluorescence quenching after mixing with excess 3’ ISS at
25°C. Concentration for each curve was labeled in the box. The excitation wavelength was 280nm. A 320nm cuton filter is used for fluorescence emission observation. Single exponential equations were used to fit with the data
because no improved fit were observed with double exponential equations. The offsets of starting fluorescence
intensities are caused by different photomultiplier tubes voltages used.
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-1

kobs(s )

Figure 29. Observed rate constants depends on 3’ ISS concentrations. Observed rate constants were proportional to
ISS concentration. The linear plot’s intercept and slope were used to calculate the dissociation rate and association
rate.

Table 10. Comparison of kinetics parameters of eIF4F-3’ ISS interaction with this interaction in presence of eIF4AeIF4B.
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-1

-1

-1

Calculated

k1 (µM s )

k-1 (s )

KD (nM)

ISS-eIF4F

31.2 ± 2.3

5.9 ± 1.9

173 ± 34

189

ISS-eIF4F-4A-4B

42.7 ± 1.4

2.3 ± 0.9

54 ± 14

53

KD (nM)

3.2.4 Summary
We showed that eIF4A-eIF4B complex slightly increases association rate and decreases
dissociation rate by more than twice. Majority of the increased binding affinity was contributed
by the decreased dissociation rate. This indicated that eIF4A-eIF4B complex could stabilize
eIF4F-3’ ISS complex. Low dissociation rate may give advantage to MNeSV in two ways: one,
the low dissociation rate could increase the amount of time for 3’ ISS to bind with eIF4F which
in turn can promote the recycling of translation initiation machinery. As the rate-limiting step in
translation, translation initiation could be enhanced via recycling the recruitment of the
translation initiation machinery. Two, MNeSV employs RNA genome replication. Unlike
eukaryotic cells, in which replication occurs on DNA genome and translation takes place on
RNA transcript, plant virus translation and replication both occur on the same RNA genome. To
the advantage of the plant virus, a mechanism distinguishing the two processes may exist. Once
translation initiation complex associates with 3’ ISS and initiates translation, the slow
dissociation rate of this translation initiation complex with 3’ ISS may ensure long 3’ ISStranslation initiation complex bound time and prevent RNA genome replication from 3’ end.
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3.3 eIF4F facilitated binding of 5’UTR with 3’ISS and this tricomplex
associates with 40S ribosomal subunit
3.3.1 eIF4F facilitated binding of 5’UTR with 3’ISS
In a previous study, a 158-nucleotides long, streptotagged Carnation Italian ringspot virus
(CIRV) 5’ UTR that contained a complementary sequence with a 7 nucleotides sequence on 3’
ISS was immobilized on a streptomycin-conjugated sepharose column (49). This column can
only bind with eIF4F if 3’ ISS was added to it. This showed that 5’ UTR and 3’ ISS base pair
interaction were important for eIF4F recruitment (Figure 30) (49). However, this does not
illustrate the effect of eIF4F on 5’ UTR interaction with 3’ ISS. We applied steady-state
fluorescence anisotropy technique to study this question. To understand this phenomenon within
the context of our study, we used our MNeSV’s 5’ UTR instead of the CIRV 5’ UTR used in the
referenced study.

Figure 30. Long distance kissing loop interaction between MNeSV 5’ UTR and 3’ UTR. Six complementary-base
pair interactions in both RNA fragments are shown in the red box.
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To determine the binding affinity of 5’ UTR with eIF4F, fluorescein labeled 5’ UTR was
titrated with eIF4F and normalized fluorescence anisotropy changes were plotted versus eIF4F
concentrations. Only non-specific binding was noticed when we performed 5’ UTR titration
with eIF4F (Figure 31). Then we studied 5’ UTR binding with 3’ ISS. Fluorescein labeled 5’
UTR was mixed with increasing concentrations of 3’ ISS. However, no fluorescence anisotropy
change was observed. To check eIF4F effect on 5’ UTR-3’ ISS binding, fluorescein labeled 5’
UTR was titrated with increasing concentrations of eIF4F-3’ ISS complex. The ratio of eIF4F
concentration to 3’ ISS concentration was calculated based on eIF4F-3’ ISS interaction
dissociation constants so that 90% 3’ ISS was in a complex form with eIF4F. Labeled 5’ UTR’s
fluorescence anisotropy changed after mixed with eIF4F-3’ ISS complex and the equilibrium
dissociation constants KD was determined to be 202±30 nM (Figure 31-32, Table 11). This
promising result indicated that eIF4F could facilitate the MNeSV 5’ UTR binding with 3’ ISS.
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Figure 31. Normalized anisotropy change of fluorescein labeled 5’ UTR interaction with eIF4F and 3’ ISS.
Fluorescein labeled 5’ UTR concentration was 50nM in titration buffer. Fluorescence anisotropy changes were
tracked after adding increasing concentrations of eIF4F/3’ISS. The excitation and emission wavelengths were set to
492 and 519 nm, respectively. Normalized anisotropy data are plotted versus concentrations of eIF4F-3’ ISS as a
complex. Each data point was the average value from at least three independent experiments. Error bars represent
each data point’s standard deviation.
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Figure 32. Normalized anisotropy change of fluorescein labeled 5’ UTR interaction with 3’ ISS only, in presence of
eIF4F protein and eIF4F-eIF4A-eIF4B complex. Fluorescein labeled 5’ UTR concentration was 50nM in titration
buffer. Fluorescence anisotropy changes were tracked after adding increasing concentrations of eIF4F. The
excitation and emission wavelengths were set to 492 and 519 nm, respectively. Normalized anisotropy data are
plotted versus concentrations of eIF4F. Each data points were the average value from at least three independent
experiments. Error bars represent each data point’s standard deviation.

eIF4A-eIF4B-ATP could unwind secondary structure in 5’ UTR. This process was found
to play a key role in ribosome loading. Thus we also determined eIF4A-eIF4B-ATP helicase
activity’s effect on 5’ UTR binding with 3’ ISS in presence of eIF4F. In presence of excess
eIF4A-eIF4B-ATP-eIF4F, the equilibrium dissociation constant KD of 5’ UTR interaction with
3’ ISS was determined to be similar with that of 5’ UTR interaction with 3’ ISS in presence of
eIF4F only (Figure 31-32, Table 11). This suggested that RNA unwinding has no effect on
forming of this 5’ UTR-3’ ISS interaction. This also implied that, in both 5’ UTR and 3’ ISS
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secondary structure, long-distance base pairing interaction participating sequences are single
stranded.
3’ISS
+eIF4F
K D=173±34nM

+5’UTR
No binding

5’UTR·3’ISS

3’ISS·eIF4F

+eIF4F
ND

+5’UTR
K D=202±30nM

5’UTR·3’ISS·eIF4F
Figure 33. Thermodynamic cycle of formation of 5’UTR-3’ISS-eIF4F complex. The KD for each reaction is shown
next to the arrow. KD was not determined (ND) for eIF4F binding to 5’ UTR-3’ ISS complex because 5’ UTR-3’
ISS complex was not formed in our experiments.
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Table 11. Equilibrium dissociation constant (KD) of interactions of fluorescein labeled 5’ UTR interaction with 3’
ISS only, in presence of eIF4F protein and eIF4F-eIF4A-eIF4B complex and interaction of 5’ UTR with eIF4F

Equilibrium
dissociation constants
(KD) at 25 °C (nM)

5' UTR-3' ISS in
presence of eIF4F

202 ± 30

5' UTR-3' ISS in
presence of eIF4AeIF4B-eIF4F

220 ± 43

5' UTR-3' ISS

No binding

5' UTR-eIF4F

>2000

3.3.2 eIF4F-3’ISS could associate with 40S ribosome in presence of 5’ UTR
3’ ISS’s function on ribosome recruitment is not yet understood. In vitro translation
analysis had shown that 3’ ISS binding with eIF4F was a key step for translation efficiency. We
then investigated the interaction of eIF4F-3’ ISS complex with 40S ribosome. Fluorescein
labeled 3’ ISS was mixed with excess eIF4F so that 90% 3’ ISS was in complex form.
Fluorescence anisotropy change of fluorescein labeled 3’ ISS complex was also measured after
mixing with eIF4F to confirm the formation of eIF4F-3’ ISS complex. The eIF4F-3’ ISS
complex was then titrated with increasing concentrations of 40S ribosomal subunits. We found
that the binding affinity was moderate with dissociation constants (KDs) ~617nM (Figure 34-35).
Because the loading of 40S ribosomal subunit on 5’ UTR is an important step in
translation initiation, we also determined the KD of 3’ ISS-5’ UTR-eIF4F complex with 40S
ribosomal subunit. In 3’ ISS-5’ UTR-eIF4F complex, 5’ UTR and eIF4F were also added in
excess. This interaction’s dissociation constant KD was determined to be ~572nM (Figure 34-35).
This result suggested that the association of 3’ ISS-eIF4F complex with 40S ribosomal subunit
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would not be affected by presence of 5’ UTR. The dissociation constant KD of 5’ UTR
interaction with 3’ ISS-eIF4F-40S was determined from thermodynamic cycle. This interaction
showed a high binding affinity (KD=~187nM). This showed that the long-distance base pairing
interaction would not be blocked after 3’ ISS was bound with eIF4F and 40S ribosomal subunits.

Figure 34. Normalized anisotropy change of ISS-eIF4F’s interaction with 40S ribosomal subunit in the absence and
presence of 5’ UTR. Fluorescein labeled 3’ ISS concentration was 50nM in titration buffer. Fluorescence
anisotropy changes were tracked after adding increasing concentrations of 40S ribosomal subunits. The excitation
and emission wavelengths were set to 492 and 519 nm, respectively. Normalized anisotropy data are plotted versus
concentrations of 40S ribosomal subunit. Each data point was the average value from at least three independent
experiments. Error bars represent each data point’s standard deviation.
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3’ISS·eIF4F
+5’UTR
K D=202±30nM

5’UTR·eIF4F·3’ISS
+40S
K D=572±27nM

+40S
K D=617±34nM

3’ISS·eIF4F·40S
+5’UTR
*K D=187nM

5’UTR·3’ISS·eIF4F·40S
Figure 35. Thermodynamic cycle of the 5’UTR-3’ISS-eIF4F-40S ribosome complex. KD of each reaction is shown
next to the arrow.
* KD was calculated via thermodynamic cycle.

3.3.3 Summary
5’ UTR and 3’ UTR long distance interaction was widely identified in plant virus RNA
genome which has no m7GpppN cap or poly A tail. The majority of six categories of plant virus
harbor a single stranded sequence on their 3’UTR that is complementary to a single stranded
loop in RNA genome 5’ UTR. Our data show that eIF4F also enhanced 5’ UTR binding affinity
to 3’ ISS (Figure 35). Our observations showed that the 5’ UTR did not bind with 3’ ISS directly.
This indicates that eIF4F binding with 3’ISS was then followed by the 5’ UTR-3’ ISS interaction
rather than the hypothesis that eIF4F alone stabilizes the 5’ UTR-3’ ISS interaction.
Furthermore, eIF4A-eIF4B-ATP helicase activity did not enhance the binding affinity between
5’ UTR and 3’ ISS. The explanation for this may be that the base pairing sequences in both 5’
UTR and 3’ ISS were already single stranded prior to the interaction. The base pairing
interaction thus does not require the unwinding of the secondary structure.
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40S ribosomal subunit has moderate binding affinity with eIF4F-3’ ISS complex.
Compared with other well-established systems that have RNA fragments binding with 40S
ribosomal subunit directly, eIF4F-3’ ISS complex binding affinity with 40S ribosomal subunit
was lower. For example, Hepatitis C Virus (HCV) internal ribosome entry site (IRES) binds
directly with 40S ribosome with a dissociation constant of less than 10nM (63). The binding
affinity of plant virus Pea Enation Mosaic Virus (PEMV2) 3’ TSS interaction with 40S
ribosomal subunit was found to be twice of that in MNeSV. In PEMV2, 40S ribosomal subunit
was recruited onto RNA genome without the aid of other initiation factors (43). This fact
indicates that binding of 3’ISS and 40S ribosomal subunit might not be sufficient to sequester
translation machinery. 3’ ISS can associate with 40S ribosomal subunit but also requires other
initiation factors to efficiently compete with host cells. The binding of 3’ISS-eIF4F with 40S
ribosome could promote 40S ribosomal subunit recycling. Besides, the moderate binding
affinity may guarantee that the 40S ribosomal subunit could be easily released from 3’ ISS in
order to start scanning the 5’ UTR.
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CHAPTER 4 DISCUSSION
In majority of plant virus, RNA genome do not have the 5’ m7GpppN cap and 3’ poly A
tail. Their translation initiations are through a cap-independent translation mechanism. Previous
studies have shown that the secondary structures in RNA genomes’ untranslated regions played
key roles on regulating virus translation process. In the translation initiation process, the
secondary structures could interact with either translation initiation factors or ribosomal subunits.
These secondary structures in different genomes were classified to more than six different
categories based on their structures and conserved sequences. Their translation initiation
mechanisms are different from those in other classes. To understand the translation initiation
mechanism in the viruses with I-shaped RNA structures on their 3’ untranslated regions, we
chose MNeSV as a model virus. This virus can infect maize, one of the crop that have high
economic significance. Controlling maize infection by this virus may increase crop productivity.
In our study, we dedicated to study how the translation initiation factors and ribosome
were recruited to RNA genome in translation initiation process. I studied via three aspects: 1)
Whether and how does the translation initiation factors bind with 3’ UTR 2) Characterization of
5’ UTR-3’ UTR long distance interaction 3) How does translation initiation factors affect 40
ribosomal subunits recruitment. To answer these questions, fluorescence anisotropy and stopped
flow technique were used to study the thermodynamic and kinetic parameters of different
interactions, including interactions between translation initiation factors with 3’ UTR, 3’ UTR
interactions with 5’ UTR and UTRs interactions with 40S ribosomal subunits. These results are
helpful to understand MNeSV virus translation initiation mechanism.
Through the mutagenesis method and in vitro translation assay, other studies have
indicated that both 3’ ISS secondary structure and primary sequence are necessary for efficient in
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vitro translation (49). However, what caused different mutants to show different translation
efficiencies were unclear. I investigated the 3’ISS mutants’ binding affinities with eIF4F because
eIF4F was reported to bind with 3’ ISS (49). Three 3’ ISS mutants were used, including 3’ ISSC1, 3’ ISS-iA/B2 and 3’ ISS-CA. 3’ ISS-C1’s low binding affinity illustrates that maintaining
the secondary structure is not sufficient to achieve similar binding affinity with eIF4F as wild
type. 3’ ISS-C1 has similar secondary structure with wild type but the guanosine G13, which is
highly accessible by single-strand modifying-agent, was depleted. This also indicated that G13
was crucial for the binding to eIF4F. 3’ ISS-iA/B2 has a similar binding capability with eIF4F as
wild type but with a lower translation efficiency. This proves that binding with eIF4F is the
crucial step in translation initiation but not a sufficient step to determine translation initiation
efficiency. Thus translation initiation also requires other processes. Mfold predicted structures
indicated that the 5’ end-3’ end long distance base pairing interaction could potentially be
disrupted by mutation on 3’ ISS-iA/B2. So other required processes for translation initiation may
include the 5’ end-3’ end long distance base pairing interaction. 3’ ISS-CA secondary structure
was similar as the proposed wild type structure. 3’ ISS-CA could also bind to eIF4F.
We found that 3’ ISS-eIF4F interaction KD was at least five fold smaller than eIF4Fm7GTP’s KD, which was determined to be in 𝜇M ranges (62). This demonstrated that 3’ ISSeIF4F binding affinity could give virus genome advantage when the virus competes with plant
genome for the host cells translation initiation machinery. Compared with equilibrium
dissociation constants KD determined in other studies, 3’ ISS-eIF4F KD is similar with eIF4F’s
interaction with TEV PK1: ~ 218nM (61). However, 3’ BTE-eIF4F KD was determined to be
smaller than 3’ ISS-eIF4F KD. This implied that 3’ ISS-eIF4F binding could give MNeSV
advantage to compete with plant cells but not as efficient as other virus systems. MNeSV
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translation initiation might require other translation factors. Our results below also confirmed
this hypothesis.
eIF4G have binding domains on both eIF4A and eIF4B. These initiation factors were
found to play important roles in translation initiation. One of the known functions for eIF4A is
the helicase activity that requires ATP hydrolysis. It can unwind stable secondary structure in 5’
UTR of eukaryotic cells mRNA to help with 40S ribosomal subunit loading. The eIF4A helicase
activity was also studied in other plant virus system in our lab’s previous work (47). Data
showed that eIF4A helicase activity together with eIF4B and ATP could catalyze unwinding of
3’ BTE, the 3’ CITE in BYDV RNA genome, and facilitate its binding with eIF4F and
recruitment of 40S ribosome (64). In contrast with this phenomenon, data presented here
demonstrate that eIF4A-eIF4B-ATP complex’s helicase activity did not play a role in enhancing
binding affinity of 3’ ISS with eIF4F.
Our data shown that eIF4A-eIF4B could enhance the binding affinity of eIF4F with 3’
ISS by four fold (Figure 36). eIF4A-eIF4B with a nonhydrolyzable ATP analog also increased
the binding affinity of eIF4F with 3’ ISS. This proved that this increased binding affinity is not
caused by the RNA unwinding activity catalyzed by eIF4A-eIF4B-ATP. This suggests that
enhanced binding affinity of this interaction may be attributed to an induced conformational
change of eIF4F after its association with eIF4A and eIF4B. This changed conformation could
be more accessible to eIF4A and eIF4B and allow them to bind in a tighter configuration. These
results also indicate that eIF4A may have another function other than the helicase activity.
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3’UTR
40S

4A
4F

4B

Figure 36. Model of eIF4F and 3’ ISS mediated translation initiation.

From our results, eIF4A and eIF4B’s regulation function was hypothesized to be
executed in the following mechanism. eIF4A and eIF4B bind with eIF4F through the eIF4A and
eIF4B binding site at eIF4G. This binding, in turn, may cause conformation change of eIF4F.
This conformation change may cause eIF4F to be more accessible to 3’ ISS and/or stabilize the
eIF4F-3’ ISS binding complex. All these regulation roles could assist the virus to compete with
host cells for translation machinery. These results also suggest that 3’ ISS binding site on eIF4F
were not on the same domain with eIF4A and eIF4B binding domain at eIF4G. Otherwise,
binding of eIF4A and eIF4B would have limited the association of eIF4F with 3’ ISS by
blocking the contact surface. This could draw the conclusion that the correct folding of 3’ ISS,
in other words, 3’ ISS’s secondary structure, is necessary for the binding of eIF4F and 3’ ISS.
So both 3’ ISS secondary structure and primary sequence are key for the tight binding between
eIF4F and 3’ ISS.
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Table 12. Thermodynamic parameters of eIF4F interactions with 3’ ISS, 3’BTE and PK1 found in plant virus
genome’s untranslated regions and eIF4F-m7GTP interaction. T·∆S/∆G contribution to the free energy change was
also calculated with temperature at 25℃ (47,61,62).

ISS-eIF4F BTE-eIF4F PK1-eIF4F

ΔG °(kJ mol − 1 )

ΔH (kJ mol

ΔS (J mol

−1

−1

)

K -1 )

-TΔS/ΔG percentage

7

m GTPeIF4F

-38.4 ± 4.6 -43.0±0.1

-38.2±0.2

-30.6±0.8

-25.6 ± 2.3 -22.3±2.5

-15.5±1.5

28.7±0.7

43.2 ± 8.0

69.2±8.8

76.0±3.6

199±5.0

33.5

47.9

59.3

-

eIF4F interaction with m7GTP was measured to be only entropically driven (62) (Table
12), while eIF4F interactions with 3’ISS or 3’ ISS-CA are both enthalpically and entropically
favorable. The stacking interaction between m7GTP and eIF4F’s cap binding pockets releases the
water molecule in cap binding pockets and causes entropy to increase. We didn’t see as much
entropy change in eIF4F-3’ISS interaction as eIF4F-m7GTP. Thus this might indicate that eIF4F
cap binding pocket was not involved in eIF4F-3’ISS interaction. eIF4F-m7GTP is enthalpically
unfavorable. Less charge related interactions can form between eIF4F and m7GTP. More charge
related interactions between eIF4F-3’ISS also promote 3’ ISS sequestering of host cells’
translation machinery.
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We also determined that 3’ ISS-CA-eIF4F association rate was larger than that of wild
type 3’ ISS-eIF4F while both interactions dissociation rates were same. Because two loops are
in 3’ ISS-CA secondary structure’s central part and only one loop is found in 3’ ISS secondary
structure’s central part, 3’ ISS-CA might be more flexible than 3’ ISS and easier to be accessed
by eIF4F. This could lead to the differential association rate. Besides, 3’ ISS-eIF4F’s association
rate is lower than diffusion-controlled reactions rate constants so 3’ ISS-eIF4F interaction is
likely controlled by molecular collision speed.
Recruitment of 40S ribosomal subunit to virus RNA genome is a key process in
translation initiation mechanism. In eukaryotic cells, 40S ribosomal subunit is directly recruited
to mRNA 5’ end with the help of translation initiation factors. The mechanism was not clear yet
in plant virus. The translation initiation factors were believed to first bind to 3’ ISS at the 3’ end.
The previously discovered 5’ UTR-3’ ISS long distance base pairing interaction was proposed to
bring eIF4F and other factors close to the 5’ end. In this way, translation initiation factors could
help with the recruitment of 40s ribosomal subunit.
Our data demonstrated that MNeSV 5’ UTR could associate with 3’ ISS, but it required
the assistance of eIF4F. RNA–RNA EMSA had been used to test 5’ UTR interaction with 3’ ISS
by other groups, and their nondenaturing PAGE showed that 5’ UTR bound 3’ ISS was shifted in
comparison to free RNA. This indicated that 5’ UTR could bind with 3’ ISS directly (49). The
difference in observations may be due to two reasons. One, CIRV 5’ UTR was used in their test
instead of the 5’ UTR of MNeSV, which is the origin of 3’ ISS. We used MNeSV 5’ UTR in our
study. Two, there is a technique difference between two studies which may have led to the
differing results. Unlike EMSA gel shift, fluorescence anisotropy technique can keep the
complex interaction in a more dynamic and real equilibrium condition. This also strengthens the
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hypothesis that the eIF4F binding site on 3’ ISS doesn’t overlap with long distance base pairing
interaction-participating sequence.
We also found that 3’ ISS-eIF4F complex has a moderate binding affinity to the 40S
ribosomal subunit. The presence of excess 5’ UTR wouldn’t affect the association of 3’ ISSeIF4F complex with 40S ribosomal subunit. The moderate binding affinity could account for
two proposed translation initiation steps. 3’ ISS is located right next to the stop codon. 40S
ribosomal subunit could temporarily stall on 3’ ISS after translation termination due to moderate
binding affinity. Thus 40S ribosomal could be recycled because the long distance base pairing
interaction allows the 5’ UTR to come close to the 3’ ISS. Furthermore, the moderate binding
affinity also gives the 40S ribosomal subunit the convenience of easily dissociating from 3’ ISS
for ribosome scanning or other processes.
Comparing our system with other well studied systems also shed light on understanding
how the MNeSV translation initiation mechanism is regulated by 3’ ISS. 3’ TSS on PEMV
binding with 40S ribosomal subunit was twofold tighter than 3’ ISS with 40S ribosome. This
supported the hypothesis that eIF4F was required for MNeSV translation because 3’ISS couldn’t
bind with 40S ribosomal subunit as tight as other 3’CITE. Like all other 3’ CITE containing
viruses, MNeSV also established 5’ end to 3’ end long distance base pairing interaction.
However, the effect of eIF4F on this long distance binding in MNeSV has not previously been
reported in other viruses. eIF4A and eIF4B also played an important role in BYDV translation
initiation. It has previously been shown that eIF4A-eIF4B-ATP could promote binding of eIF4F
to 3’ BTE and 40S ribosomal subunit to 3’ BTE (47,64). However, unwinding activity of
eIF4A-eIF4B-ATP complex was believed to be involved with those enhanced binding affinities.
3’ ISS didn’t require the RNA unwinding in this process. Unlike 3’ BTE, 3’ ISS doesn’t have a
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40S ribosomal subunit complementary sequence. 3’ BTE unwinding can expose this sequence
but it is not necessary for 3’ ISS.
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CHAPTER 5 APPENDIX
5.1 Protein culture and Purification protocols for eIF4F
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2* Nutrient rich LB culture
NaCl

5g

Yeast Extract

10g

Tryptone

16g

Total Volume

1000mL
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5.2 RNA transcription and purification
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5.3 40S ribosomal subunit purification
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